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Abstract
Bow shock waves are a common feature of groups and clusters of galaxies since
they are generated as a result of supersonic motion of galaxies through the intra-
group and intra-cluster medium. In the simplest case, the shape of these shocks
only depends on the galaxy’s impact velocity and on its geometrical shape. In
this thesis the role of bow shocks for the gasdynamical evolution of structure in
the group and cluster environment is studied both, numerically and analytically.
For that purpose, we analyze recently obtained Chandra and XMM-Newton X-
ray data of Stephan’s Quintet (Trinchieri et al. 2003, 2005) and the galaxy group
around IC 1262 (Trinchieri et al. 2007). Two-dimensional numerical simulations
have been carried out by using the grid-based hydrodynamics code VH-1 (Blondin
1994) and a modified version of the Raymond & Smith plasma code (Raymond
& Smith 1977). For the analytical solution of this intergalactic hypersonic blunt
body problem the method by Schneider (1968) has been taken as a basis. This
inverse technique allows to calculate the galaxy’s shape as long as the shape of
the bow shock wave is known. Thus it can be shown that a large scale curved
shock produced by the collision between the high velocity (M ∼ 930) intruder
NGC 7318b and a preexisting H i cloud can very well explain the observed X-ray
emission in Stephan’s Quintet. In addition numerical computations reveal that
the complex cooler structure found in the group around IC 1262 is probably due to
ram-pressure stripping of the spiral galaxy IC 1263. Detailed comparisons of the
numerical results with analytically derived solutions for these two galaxy systems
show that Schneider’s method allows accurate predictions of the galaxy shapes,
thus saving a tremendous amount of computing time for future interpretations of
similar objects. Finally the developed methods are general enough to be applied
to other astrophysical bow shocks like e.g. on stellar and galactic scales.

Abstract
Bugstoßwellen sind ein weit verbreitetes Charakteristikum von Galaxiengruppen
und -haufen, da sie infolge der Überschallbewegungen von Galaxien durch das
intergalaktische Medium generiert werden. Im einfachsten Fall hängt die Gestalt
dieser Stoßwellen lediglich von der Geschwindigkeit der einfallenden Galaxie und
deren geometrischen Form ab. In der vorliegenden Arbeit wird der Einfluss
von Bugstoßwellen auf die gasdynamische Entwicklung von Strukturen im Um-
feld von Gruppen und Haufen auf zweierlei Arten studiert; nämlich sowohl nu-
merisch als auch analytisch. Dazu verwenden wir erst kürzlich durch Chandra
und XMM-Newton gewonnene Röntgendaten von Stephan’s Quintet (Trinchieri
et al. 2003, 2005) und der Galaxiengruppe um IC 1262 (Trinchieri et al. 2007). Es
wurden zweidimensionale numerische Simulationen unter Verwendung des gitter-
basierten Hydrodynamik-Codes VH-1 (Blondin 1994) und einer erweiterten Ver-
sion des Raymond & Smith Plasma-Codes (Raymond & Smith 1977) durchge-
führt. Zur analytischen Lösung dieses Problems der hypersonischen Bewegung
eines stumpfen Körpers durch das intergalaktische Medium, wurde die Methode
von Schneider (1968) herangezogen. Dieses inverse Verfahren ermöglicht die
Berechnung der Form der Galaxie unter Kenntnis jener der Bugstoßwelle. Mit
diesen Methoden kann gezeigt werden, dass sich das Szenario einer großskaligen
gekrümmten Stoßwelle, wie sie etwa bei der Kollision zwischen der mit hoher
Geschwindigkeit (M ∼ 930) eindringenden Galaxie NGC 7318b und einer be-
reits zuvor vorhandenen H i Wolke gebildet werden würde, als geeignet erweist,
um beobachtete Röntgenemissionen in Stephan’s Quintet zu erklären. Darüber-
hinaus ergeben numerische Rechnungen, dass die ausgedehnte kühlere Struktur,
welche in der Gruppe rund um IC 1262 gefunden wurde, als Folge des stau-
druckinduzierten Abstreifens von Gas von der Spiralgalaxie IC 1263 gesehen
werden kann. Detaillierte Vergleiche der numerischen Resultate mit analytisch
gewonnenen Lösungen zeigen weiters, dass das Verfahren nach Schneider, neben
einem enormen Rechenzeitgewinn, genaue Vorhersagen der Galaxienformen ge-
stattet, bzw. dass bei Kenntnis (oder Annahme) der Galaxienform sich die Struk-
tur der Bugstoßwelle iterativ bestimmen lässt. Die entwickelten Methoden sind
außerdem allgemein genug, um sie auf andere astrophysikalische Bugstoßwellen,
wie sie etwa auf stellaren oder galaktischen Skalen auftreten, anzuwenden.

Panta rhei

Contents
1 Introduction 1
2 Groups and clusters of galaxies 3
2.1 Structure formation . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 The intra-group and intra-cluster medium . . . . . . . . . . . . . 5
2.3.1 X-ray properties . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3.2 The Sunyaev-Zel’dovich effect . . . . . . . . . . . . . . . . 8
2.3.3 Magnetic fields . . . . . . . . . . . . . . . . . . . . . . . . 9
3 Physics of shock waves 11
3.1 Planar shock waves . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Oblique shock waves . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 The supersonic blunt body problem . . . . . . . . . . . . . . . . . 20
4 Shock waves in the intergalactic medium 24
4.1 Zoology of intergalactic shocks . . . . . . . . . . . . . . . . . . . . 24
4.2 Stephan’s Quintet . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3 Galaxy group around IC 1262 . . . . . . . . . . . . . . . . . . . . 27
5 Numerical solution 30
5.1 Numerical method . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.2 Numerical calculations . . . . . . . . . . . . . . . . . . . . . . . . 32
5.2.1 Code changes . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.2.2 Simulation setup . . . . . . . . . . . . . . . . . . . . . . . 33
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.3.1 General evolution . . . . . . . . . . . . . . . . . . . . . . . 35
5.3.2 Results: Stephan’s Quintet . . . . . . . . . . . . . . . . . . 36
5.3.3 Results: IC 1262 group . . . . . . . . . . . . . . . . . . . . 44
6 Analytical solution 58
6.1 Schneider’s method . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7 Summary and Conclusions 74
A Appendix 76
A.1 Rankine-Hugoniot jump conditions . . . . . . . . . . . . . . . . . 76
A.2 Kelvin-Helmholtz instabilities . . . . . . . . . . . . . . . . . . . . 77
i
Contents Contents
A.3 Implemented and modified VH-1 subroutines . . . . . . . . . . . . 79
A.3.1 init.f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
A.3.2 prin.f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
A.3.3 radiate.f . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
A.4 Governing equations for plane flow in curved manifolds . . . . . . 93
B Acknowledgements 95
C Mathematical Symbols 96
D Acronyms 99
E Bibliography 100
ii
List of Figures
2.1 Millennium simulation . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Intra-group and intra-cluster medium . . . . . . . . . . . . . . . . 6
3.1 Hugoniot curve for a polytropic gas . . . . . . . . . . . . . . . . . 13
3.2 Geometry of an oblique shock . . . . . . . . . . . . . . . . . . . . 16
3.3 θ-β diagram for a given adiabatic index . . . . . . . . . . . . . . . 16
3.4 Mach cone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.5 Shock polar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.6 Schematic of the flow-field over a blunt body moving at supersonic
speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.7 Sonic line, limiting characteristic, and transonic region . . . . . . 22
3.8 Shadowgraph of a bullet traveling forward in air at M1 = 1.5 . . . 22
4.1 Chandra X-ray image overlaid on the projected total mass map
from weak lensing of 1E 0657-56 . . . . . . . . . . . . . . . . . . . 25
4.2 XMM-Newton composite images of Stephan’s Quintet . . . . . . . 26
4.3 True color images of the innermost and outer region of the unre-
laxed IGM around IC 1262 . . . . . . . . . . . . . . . . . . . . . . 28
4.4 Derived temperature distribution for the innermost and outer re-
gion of the unrelaxed ICM around 1262 . . . . . . . . . . . . . . . 28
5.1 Solar cooling curve . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.2 Color-coded log density map overlaid with the velocity field of the
NGC 7318b simulation (model A2) . . . . . . . . . . . . . . . . . 38
5.3 Color-coded log temperature map overlaid with the velocity field
of the NGC 7318b simulation (model A2) . . . . . . . . . . . . . . 39
5.4 Cut along the axis of symmetry of the NGC 7318b simulation
(model A2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.5 Post-shock temperature as a function of the shock angle β for the
NGC 7318b interaction scenario. . . . . . . . . . . . . . . . . . . . 41
5.6 Color-coded log density map overlaid with the velocity field of the
NGC 7318b simulation (model A1) . . . . . . . . . . . . . . . . . 42
5.7 Color-coded log temperature map overlaid with the velocity field
of the NGC 7318b simulation (model A1) . . . . . . . . . . . . . . 43
5.8 Synthetic X-ray emission spectrum for the stand-off region . . . . 45
5.9 Synthetic X-ray emission spectrum for the bow shock wings . . . 45
5.10 Color-coded log density maps overlaid with the velocity field of the
IC 1263 simulations (models B1–B5) . . . . . . . . . . . . . . . . 48
iii
List of Figures List of Figures
5.10 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.11 Color-coded log temperature maps overlaid with the velocity field
of the IC 1263 simulations (models B1–B5) . . . . . . . . . . . . . 50
5.11 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.12 Cut along the axis of symmetry of the IC 1263 simulation (model
B1 and B4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.13 Cut through the wake region of the IC 1263 simulation (model B1
and B4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.14 Color-coded log density maps overlaid with the velocity field of the
IC 1263 simulations (models B6–B10) . . . . . . . . . . . . . . . . 54
5.14 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.15 Color-coded log temperature maps overlaid with the velocity field
of the IC 1263 simulations (models B6–B10) . . . . . . . . . . . . 56
5.15 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.1 Shock-oriented coordinate system of boundary-layer type . . . . . 59
6.2 NGC 7318b analytic solution at t = 60Myr(M∞ = 930) . . . . . . 67
6.3 NGC 7318b analytic solution at at t = 130Myr(M∞ = 930) . . . . 68
6.4 NGC 7318b analytic solution at t = 200Myr (M∞ = 930) . . . . . 69
6.5 IC 1263 analytic solution at at t = 130Myr (M∞ = 5) . . . . . . . 70
6.6 IC 1263 analytic solution at at t = 130Myr (M∞ = 1.5) . . . . . . 71
6.7 Composite of numerically (here log temperature in K) and analyt-
ically derived results . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.8 Comparison between numerically (here log temperature in K) and
analytically derived results of model B1 at t = 130Myr. . . . . . . 73
iv
Notations and Conventions
As it is common (and convenient) in theoretical astrophysics, the cgs Gaussian
system is used in this thesis. This metric system is based on measuring length in
centimeters, mass in grams, and time in seconds.
Furthermore, Einstein’s summation convention is used: On any index that is
repeated in a product is summed.
cgs-Units
Force 1 dyn = 10−5 N
Energy 1 erg = 10−7 J
Wavelength 1Å = 10−10 m
Pressure 1 bar = 105 Pa
Magnetic flux density 1G = 10−4 T
Physical constants
Gravitational constant G = 6.673× 10−8 cm3 s−2 g−1
Vacuum speed of light c = 2.998× 1010 cm s−1
Planck’s constant h = 6.626× 10−27 erg s
Boltzmann constant kB = 1.381× 10−16 ergK−1
Universal gas constant R = 8.315× 107 ergK−1 g−1
Elementary charge e = 4.803× 10−10 esu
Electron volt eV = 1.602× 10−12 erg
Electron mass me = 9.109× 10−28 g
Proton mass mp = 1.673× 10−24 g
Astronomical constants
Astronomical unit AU = 1.496× 1013 cm
Parsec pc = 3.086× 1018 cm
Light-year ly = 9.461× 1017 cm
Solar radius R = 6.960× 1010 cm
Solar mass M = 1.989× 1033 g
Solar luminosity (bolometric) L = 3.846× 1033 erg s−1
Hubble ‘constant’ H0 = 100h km s−1 Mpc−1; 0.4 ≤ h ≤ 0.8
v

1 Introduction
Galaxies are not distributed uniformly across the Universe but show the tendency
to cluster, thereby forming galaxy pairs, small groups that contain only a handful
of galaxies, large clusters which are more extended associations of a few thousand
galaxies up to superclusters formed from several groups of clusters. This effect
is already visible in the projection of the brightest galaxies onto the sky. A very
prominent example for a galaxy group is the so-called Local Group, which has
a diameter of about 1.5Mpc and contains two larger galaxies in addition to our
Milky Way, namely the Andromeda Galaxy M31, a Sb spiral of about the same
size as the Milky Way with two dwarf companions, and the smaller Sc spiral M33.
The rest of the more than 30 members of the Local Group are dwarf galaxies
(Karttunen et al. 1987). Consequently we are living in a locally overdense region
of the Universe.
Among the galaxies that are brighter than 21mag around 10 000 groups or
clusters are known. Some of the most noticeable concentrations of galaxies were
already studied by M. Wolf (1902/06) and later by C. W. Wirtz (around 1924).
Systematic samplings of the galaxy distribution at the celestial sphere were carried
out from 1930 by H. Shapley, E. Hubble, and others. Famous cluster catalogues
are the one by G. Abell (1958) and its 1989 supplement that lists 4073 rich clusters
as well as the “Catalogue of Galaxies and Clusters of Galaxies” by F. Zwicky and
co-workers (1960/68). Both were based on the Palomar Sky Survey (Unsöld &
Baschek 2005). The nearest cluster is the Virgo Cluster at a distance of about
15Mpc, whose denser central region that harbors early galaxy types is surrounded
by a more extended irregular distribution of mainly spiral galaxies (Karttunen
et al. 1987).
Originally, groups and clusters were characterized by their amount of galax-
ies. We know today that although these galaxies govern the optical appearance
of the cluster, their individual masses only account for a small fraction of the
cluster’s total mass. With the evolution of X-ray astronomy, it was found out
that galaxy clusters are intensive sources of X-ray radiation which is evidently
due to hot plasma located between the galaxies, trapped in the group’s/cluster’s
potential well. This intergalactic gas contains more baryons than the stars visible
in galaxies and therefore dominates the total baryonic mass of a cluster, beside
the derived overwhelmingly large amount of dark matter.
Due to their low relative speeds, galaxies in groups and poor clusters affect each
other and the surrounding medium gravitationally more strongly than the faster-
moving cluster galaxies, leading to a variety of fascinating interaction or even
merging mechanisms. Galaxies dashing supersonically through the intergalactic
medium produce wakes of gravitationally focused gas, lose mass due to ram-
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pressure, injecting thereby metals into their gaseous environment, and produce
leading bow shock waves ahead of the galaxies, irreversibly changing the state of
the gas (Stevens et al. 1999). The bow shock’s shape and its stand-off distance,
i.e. the gap between the nose of the projectile and the bow shock, strongly depends
on the geometry and therefore cannot simply be determined from hydrodynamics
alone, since the governing equations do not feature any characteristic length scale
(Trinchieri et al. 2003).
Subject of the diploma thesis is the numerical and analytical analysis of the
established astrophysical super- or highly supersonic (i.e. hypersonic) blunt body
problem, by this enlightening the role of the commonly occurring bow shocks in
the formation of structure in galaxy systems and their effect on plasma physical
processes.
This thesis is structured as follows:
In chapter 2 we describe the formation of groups and clusters of galaxies,
their similarities and differences as well as the properties of the hot X-ray plasma,
known as the intra-group or intra-cluster medium.
In chapter 3 an introduction to the physics of shock waves is given. First,
the governing hydrodynamic equations for the description of planar shocks fol-
lowed by oblique shocks are derived. Then, the supersonic blunt body problem
is outlined and discussed.
In chapter 4 the role of shock waves in the intra-group and intra-cluster
medium is discussed and emphasized by a presentation of the X-ray features of
observed candidates, namely, the well-known compact group Stephan’s Quintet,
and the galaxy cluster around IC 1262.
Nowadays, numerical simulations play a crucial role in theoretical astrophysics
since they allow investigations of the Universe similar to experiments in a labo-
ratory with controlled boundary conditions. Interaction processes of individual
galaxies with the ambient intergalactic gas as well as plasma physical processes
are modeled numerically by using the hydrodynamics code VH-1 and the Ray-
mond & Smith plasma code. Descriptions of the procedures as well as results of
the calculations are presented in chapter 5.
The uniformly valid analytical solution for the hypersonic blunt body problem
byW. Schneider (1968) is developed and adopted to structure formation processes
in groups and clusters of galaxies in chapter 6.
The last chapter, chapter 7, presents conclusions and summary of the thesis.
2
2 Groups and clusters of galaxies
2.1 Structure formation
Recent large surveys such as the 2-degree-Field Galaxy Redshift Survey (2dF-
GRS) or the Sloan Digital Sky Survey (SDSS) have impressively demonstrated
that galaxies, groups and clusters are linked together in a pattern of sheets and
filaments that is known as the “cosmic web”. So the large-scale structure of the
Universe is primarily composed of vast galaxy-free cavities with a characteristic
dimension of & 50h−1 Mpc – so-called voids – whose density might be as low
as one tenth the cosmological mean. The matter condenses in a loose spongy
network of filaments enclosing the voids, that intersect in massive lumps at the
location of groups, clusters or superclusters of galaxies (Bond et al. 1996). Fol-
lowing the Standard Model of Cosmology the seeds for the formation of these
structures are quantum fluctuations blown up to macroscopic scales and con-
verted into genuine ripples in the cosmic energy density during the era of cosmic
inflation, a phase of exponential expansion of the primordial Universe driven by
a negative-pressure vacuum energy density about 10−35 s after the Big Bang (e.g.
Springel et al. 2006). These density ripples were first detected in the 1990s by
the Cosmic Background Explorer (COBE) as intrinsic fluctuations in the cosmic
microwave background (CMB) of ∆T/T0 ' 10−5 with T0 = 2.73K. At the time of
recombination the weak seed fluctuations grow further as a result of gravitational
instability according to the Jeans criterion applied to an expanding universe and
eventually produce galaxies and the cosmic web after several 10Myr (correspond-
ing to z ' 100). However, the amplification rate of the density perturbations in
this model is only large enough to fit the observations if an integral part of non-
baryonic cold dark matter (CDM) is included, whose velocity is non-relativistic
at the epoch of radiation-matter equality. Because of its property to interact with
each other and other particles only through gravity, the dissipationless CDM is
allowed to collapse unimpressed by radiation pressure into a complex network of
dark matter halos well before ordinary matter. First, stars and (dwarf) galax-
ies emerge, and then fall together to form groups, clusters, and superclusters at
last. Because of its hierarchical character this model is known as the bottom-up
scenario. Nevertheless the composition of the CDM remains unclear: Possible
candidates are Weakly Interacting Massive Particles (WIMPs), hypothetical par-
ticles which interact through gravity and the weak nuclear force but not with
electromagnetism so that they cannot be seen directly.
Unlike the very early Universe is not accessible to observations it is possible
to simulate its whole evolution numerically, like it was done in the “Millennium
simulation” (Springel et al. 2005). The region of space simulated by the first
3
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Figure 2.1: Filamentary distributions of cold dark matter (left) and galaxies
(right) 13.6Gyr after the Big Bang (z = 0) from the N-body Mil-
lennium simulation performed by the Virgo consortium. (Credit:
Springel et al. 2005)
Millennium Run was a box with about 2 billion light years in size. More than
1010 particles were traced composing 20 million galaxies (or 25 TBytes of data)
and confirming the CDM model for large scales beyond 100–200Mpc (Fig. 2.1).
If the theory is valid for smaller scales as well is still a matter of current research.
2.2 Physical properties of groups and clusters of
galaxies
About half the galaxies in the Universe are found in groups and clusters, large
complexes of galaxies held together by the mutual gravitational attraction of
their members. The exact dividing line between groups and clusters is arbitrary,
but it is useful to define a cluster to be an association that has more than 50
members within a sphere with a diameter of D & 1.5h−1 Mpc. Clusters are
the most massive gravitationally bound systems in the Universe with a total
mass of 1014–1015M. Instead, the typical mass of groups lies between 1013 and
1014M. Since galaxies are packed more tightly in clusters than in groups, virial
considerations show that cluster galaxies must have larger velocity dispersions:
While rich clusters have velocity dispersions of σv ' 103 km s−1, the speeds of
group galaxies are moderate; σv ' 300 km s−1, not much above the orbital speeds
of stars within the galaxies. However, these velocities are much too large for
them to remain gravitationally bound by their mutual attractions. Additional
to the galaxies governing the optical appearance of the group or the cluster, the
presence of hot X-ray emitting gas filling the space between the galaxies could
be detected, which is known as the intra-group (IGM) or intra-cluster medium
(ICM), respectively (see § 2.3). The total mass of this gas is greater than that of
4
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the galaxies by roughly a factor of two but is still not enough to keep the group or
the cluster dynamically stable. This missing mass problem was already “solved”
in 1933 by Zwicky who inferred the existence of non-visible and therefore dark
matter, dominating the total mass of the group or cluster. As a matter of fact
about 5% of the total mass of a typical cluster (detectible e.g. due to the effect
of gravitational lensing) is made up of galaxies, 10% of hot X-ray plasma and the
remainder of dark matter (Schneider 2006).
As a consequence of their low relative speeds, group galaxies affect each other
more strongly, making dynamical friction and thus galaxy-galaxy interaction or
merging much more prevalent than in clusters. In contrast, other processes such
as ram-pressure stripping (RPS) and galaxy harassment – where numerous high
speed encounters as a galaxy flies through the dense environment gradually pull
out its least bound stars and gas – are more important in the cluster than in
the group environment (Binney & Tremaine 1987). Spiral and irregular galaxies
are the most common inhabitants of groups. The galaxy distribution in clusters
strongly depends on its dynamical state: Regular, relaxed clusters harbor preva-
lently a large amount of early-type galaxies (elliptical, lenticular or S0) and often
a giant elliptical (cD) galaxy in their dense centers; the outskirts are dominated
by spiral galaxies. This pattern is commonly known as the morphology-density
relation (Dressler 1980; Binggeli et al. 1988). Irregular, unrelaxed clusters, in-
stead, contain only few members with a large fraction of spiral galaxies. They
have strong substructures and are less dense in their centers.
Groups and clusters of galaxies play an important role in observational cosmol-
ogy. On the one hand they are – as mentioned earlier – the most massive bound
and relaxed entities in the cosmos and therefore trace the large-scale structure of
the Universe most explicitly. Their cosmological evolution, which is driven by the
growth rate of density fluctuations, essentially depends on the value of the matter
density parameter Ωm = ρ¯/ρc, where ρ¯ is the cosmic mean matter density and
ρc = 1.88×10−29h2g cm−3 is the critical density. Therefore high- and low-density
universes show largely different evolutionary patterns, which indicates how the
space density of distant galaxy aggregates can be used as a powerful cosmologi-
cal diagnostic (Rosati et al. 2002). Because of their large galaxy density, groups
and clusters represent on the other hand ideal laboratories to study interaction
processes and their influence on galaxy populations.
2.3 The intra-group and intra-cluster medium
2.3.1 X-ray properties
The Uhuru satellite, which was launched 1970, carried out the first X-ray sky
survey revealing the clear association between bright (LX ' 1043–1045 erg s−1),
extended (D ' 1Mpc) X-ray sources which showed no variability and rich clus-
ters. The earliest claims for X-ray detections of poorer clusters and groups came
from the Einstein satellite (launched in 1978). A substantial progress in the study
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Figure 2.2: Left. Chandra X-ray image of Abell 520 (red) and the projected
total mass map from weak lensing (blue) overlaid on the optical
image from Canada-France-Hawaii and Subaru telescopes showing
the aftermath of a complicated collision of galaxy clusters. (Credit:
X-ray: NASA/CXC/UVic./Mahdavi et al. 2007; Optical/Lensing:
CFHT/UVic./Mahdavi et al. 2007); Right. Chandra X-ray image
showing remarkable detail and complexity in the central region of the
compact galaxy group HCG 62. Green depicts the lower-brightness
regions while purple and reddish indicate increasing X-ray intensity.
(Credit: NASA/CfA/Vrtilek et al. 2001)
of X-ray properties of groups and clusters was made in the beginning of the 1990s
with the advent of new X-ray missions. First, hundreds of new clusters in the
nearby and distant Universe were discovered in the course of the all-sky survey
and deep pointed observations by the ROSAT satellite. Follow-up studies with
the ASCA and Beppo-SAX satellites exposed the complex physics governing the
IGM and ICM; i.e. their X-ray properties, their thermal histories, and their chem-
ical compositions. With the arrival of the current X-ray satellites Chandra and
XMM-Newton in 1999, the detailed interplay between the hot gas (Fig. 2.2) and
the processes of star formation with cool baryons could be studied (Rosati et al.
2002).
The IGM and ICM is a tenuous, hot plasma with densities ranging from 10−4
to 10−2 cm−3, and temperatures of 107 K (or 1 keV) for groups and 107–108 K
(or 1–10 keV) for clusters; the higher the velocity dispersions of the galaxies, the
hotter the gas because
kBT ' µmpσ2v ' 6
( σv
103 km s−1
)2
keV , (2.1)
where kB is the Boltzmann constant, T is the absolute temperature, µ ' 0.6 is the
mean molecular weight for a primordial composition, mp is the proton mass, and
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σv is the average velocity dispersion. This correlation shows that both gas and
galaxies feel approximately the same dynamics (Mulchaey 2000). At the typical
temperature of the ICM, almost all abundant elements are fully ionized, and the
X-ray emission is dominated by a thermal bremsstrahlung1 (free-free radiation)
continuum. The mean ICM metallicity is Z ∼ 1/3Z. At the lower temperatures
of groups, most elements retain a few atomic electrons, so that line emission
(from 24-times ionized iron and multiply ionized oxygen, magnesium, and sulfur)
dominates the X-ray spectra. Elements heavier than helium are present in a few
tenth of solar abundance. The bremsstrahlung emissivity is given by
εffν =
32pi Z2 e6 ne ni
3me c3
√
2pi
3kBTme
gff(T, ν) · e−
hν
kBT ∝ n2 T−1/2 , (2.2)
where Z is the atomic number, e is the elementary charge, ne is the electron
number density, ni is the ion number density, me is the electron mass, c is the
speed of light, gff is the quantum-mechanical Gaunt factor, which is of the order
of one, ν is the frequency, and h is the Planck constant; the temperature is
determined from the position of the exponential cut-off in the X-ray spectrum.
In order to deduce the mass distribution of the group and cluster from the
observed X-ray emission, the gas distribution has to be modeled. The timescale
over which a sound wave crosses the cluster is
τsc ∼ D
cs
∼ D√
T
' 7× 108 yr , (2.3)
where D is the characteristic dimension of the cluster and cs is the sound speed of
the intergalactic gas. Since τsc is smaller than the other timescales regulating the
cluster, the gas may be assumed to be approximately in hydrostatic equilibrium.
We therefore have
1
ρ
dP
d r
= −dΦ
d r
= −GM(r)
r2
, (2.4)
where ρ is the gas density, P is the gas pressure, Φ is the gravitational potential
and M(r) is the mass within the radius r. Setting the pressure P = ρkBT/(µmp)
we finally obtain the fundamental equation
M(r) = − kBTr
Gµmp
(
d log ρ
d log r
+
d log T
d log r
)
, (2.5)
which allows to calculate the mass profile if the radial density and temperature
gradient is known. ρ(r) and T (r) are determinable from the spherical X-ray emis-
sivity εν(~r ′) that is related to a circularly symmetric projected surface brightness
distribution Iν(~r) by the formula
Iν(r) = 2
∫ ∞
r
εν(r
′)r√
r′2 − r2 dr
′ . (2.6)
1Electrons are accelerated in the coulomb field of protons and atom nuclei. Because accelerated
electrically charged particles emit radiation, such scattering processes between electrons and
protons in a plasma lead to the so-called thermal bremsstrahlung (Padmanabhan 2000).
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Inverting this Abel integral equation yields
εν(r
′) = − 1
pi
∫ ∞
r′
dIν(r)
dr
dr√
r2 − r′2 . (2.7)
Regular clusters with their low fraction of spiral galaxies show smooth contours
of X-ray emission, a relative high X-ray luminosity (LX & 1044 erg s−1), and rather
hot gas (T & 6 × 107 K). In contrast, irregular, spiral-rich clusters possess a
scattered X-ray emission with lower luminosity (LX . 1044 erg s−1). Also the gas
is slightly cooler (T ' 1–4× 107 K).
The origin of the hot gas may be the following: Gas left over after galaxy
formation fall into the potential well as the galaxies aggregated. Shock waves
generated by supersonic motion convert the kinetic energy gained from the grav-
itational field to thermal energy, heating the gas to the observed temperatures.
Due to their strong gravitational fields groups and clusters can retain metal-
enriched gas blown out by galactic winds and outflows powered by supernovae
(SNe) or Active Galactic Nuclei (AGNs).
The once adjusted hydrostatic equilibrium can not be hold up over an arbitrary
long time because the gas cools due to emission. The cooling time scale turns out
to be very large,
τcool =
kBT
neΛ(T )
' 8.5× 1010
( ne
10−3 cm−3
)−1( T
108 K
)1/2
yr , (2.8)
where Λ is the cooling function. However, in the centers of groups and clusters the
cooling time can be shorter than the age of the Universe. In group/cluster cores
the high-density gas cools down and due to the lack of pressure support, external
gas flows in, creating a superposition of gas phases with different temperatures.
Owing to the high sensitivity and spectral resolution of XMM-Newton it could
recently be shown that these so-called cooling flows cool the gas only down to a
minimal temperature of at least 3 keV instead of lower temperatures, which were
predicted in the standard cooling flow model. It is possible that this overcooling
is suppressed by radio jets of an active galaxy that is present in many cores of
galaxy clusters; jet plasma displaces locally the X-ray emitting gas and heats
it up due to friction and mixing at the interface between the jet and the ICM.
Maybe because of their limited activity time and their property to turn on and
off depending on their accretion rate, AGNs cannot be seen in every cluster core
showing a cooling flow mechanism (Schneider 2006).
2.3.2 The Sunyaev-Zel’dovich effect
An indirect confirmation of hot gas in groups and clusters of galaxies has been
proposed by Sunyaev and Zel’dovich (1970/72). A 3K-CMB photon gains energy
of the order of kBT/(mec2) due to scattering on an electron of the cluster gas.
The effective cross section of this inverse Compton scattering is the Thomson
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scattering coefficient σT ' 6.652× 10−25 cm2. Thus, by traveling a distance L in
the hot gas, the photon experiences a relative increase of frequency
∆ν
ν0
'
(
kBT
mec2
)
σTneL . (2.9)
This energy shift corresponds to a decrease of the radiation temperature and
therefore to a dimming of the CMB radiation in the center of a galaxy cluster
of ∆T0 = −2T0∆ν/ν0 ' 3 × 10−4 K. The Sunyaev-Zel’dovich effect (SZE) does
not depend on redshift and provides reliable estimates of cluster masses. Because
present interferometric surveys suffer from restricted sensitivity and small area
size, this method will probably be very powerful to find distant clusters in the
years to come (Unsöld & Baschek 2005).
2.3.3 Magnetic fields
Observational methods, such as synchrotron radio emission measurements of radio
halos and radio relics, inverse Compton X-ray emission detections, and Faraday
rotation measures of polarized radio sources have revealed, that the ICM (and
IGM) is a weakly magnetized plasma with field strengths ranging from 0.1 to a
few µG and a field scale of about 1 kpc. Much higher field strengths (10–40µG)
are even possible in the cores of cooling-flow clusters making magnetic fields
dynamically important (Carilli & Taylor 2002).
The presence of magnetic fields reduces the thermal conductivity of the ICM
and suppresses Kelvin-Helmholtz mixing along contact discontinuities. They
therefore play a fundamental role in allowing the formation of cold fronts2 (Marke-
vitch & Vikhlinin 2007).
The most common explanations for the origin of ICM magnetic fields are:
• Primordial fields are amplified by hydrodynamic turbulence, such as dy-
namo actions (Malyshkin & Kulsrud 2002) and/or small-scale plasma in-
stabilities (Schekochihin et al. 2005).
• Seed fields generated by a gas kinematic Biermann battery, i.e. non-parallel
electron density and pressure gradients provided by a non-zero vorticity
generating currents and hence magnetic fields from zero-field initial con-
ditions, operating in the dense accretion disk around massive black holes,
together with an α–Ω dynamo, that is, the subsequent amplification of large
scale toroidal and poloidal modes of the magnetic fields over time caused
by turbulence combined with differential rotation in the rotating disks, are
injected into the intergalactic medium (or early ICM) by active star forming
galaxies and/or radio jets ejected by AGNs at high redshift (Markevitch &
Vikhlinin 2007).
2Cold fronts represent contact discontinuities (cf. § 3) at the interfaces of gas clouds mov-
ing sub- or transonically through a hotter and denser ambient medium. In contrast to
conventional hydrodynamic contact discontinuities, cold fronts often have a discontinuous
tangential velocity, when the dense gas cloud is moving (Markevitch & Vikhlinin 2007).
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• Magnetic fields are produced by shocks propagating through the intergalac-
tic medium during the formation of large-scale structure or by shocks within
the ICM. Field strengths as high as a few µG can result from further
amplification by sheared turbulent motions and gas accretions in clusters
(Medvedev et al. 2006).
In summary, the rarified, hot, highly ionized, metal rich, and weakly magnetized
plasma in groups and clusters of galaxies is an excellent laboratory to probe
hydrodynamics and plasma physics on large scales. Some notable features are
shock fronts, cold fronts, and the propagation of sound waves.
10
3 Physics of shock waves
Let us consider a body moving supersonically through a gas. Its motion gives rise
to infinitesimal pressure changes generating linear compression waves. Each point
of the wave form of such a sound wave travels with its local sound speed, which
is greater at the peaks than in the troughs because (as we will later formally see)
variations in pressure imply variations in sound speed. By the time the wave form
steepens. The mathematical reason for this distortion lies in the fundamental non-
linearity of the governing gas-dynamic equations. In regions where the pressure
would become multi-valued (“overshooting”), the irreversible processes of heat
conduction and viscous stresses dominate and counteract the steepening process
so that a (single-valued) discontinuity (i.e. shock wave) is created, which changes
the state of the gas abruptly. In other words, because the signals propagating
with the speed of sound are lagging behind the supersonically moving body, the
presence of the body affects the fluid only downstream. Considered in the body’s
rest frame the gas in the upstream region flows “blindly” onto the body without
recognizing its existence. From a mathematical point of view, a discontinuity
can be regarded as the limiting case of very large but finite gradients in the flow
variables across a layer whose thickness is given by the characteristic length scale
induced by the dissipation process.
Shock waves in a compressible magnetized plasma, such the IGM and ICM,
where the mean free path of a particle (i.e. the average distance a particle travels
between collisions with other particles) is much larger than the thickness of the
boundary layer, are called collisionless. The dissipation is – in contrast to con-
ventional hydrodynamic shocks – effected by interactions between the particles
and the turbulent electromagnetic fields arising from collective motions of the
charged particles.
3.1 Planar shock waves
It is plausible to begin the analytic treatment of shock waves with the derivation
of the basic hydrodynamic discontinuity relations. It should be added that our
approach follows an Eulerian description, in which we characterize the flow by
the density ρ, velocity ~u, pressure P , temperature T , etc. of the fluid as function
of time t when seen by an observer at different fixed locations ~x. The equation of
continuity, the momentum equation and the total energy equation may then be
shown to be (cf. Landau & Lifshitz 2004)
∂ρ
∂t
+
∂
∂xk
(ρuk) = 0 (3.1)
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∂
∂t
(ρui) +
∂
∂xk
(ρuiuk + Pδik − σik) = −ρ ∂Φ
∂xi
(3.2)
∂
∂t
(
1
2
ρ |~u|2 + ρ
)
+
∂
∂xk
[
1
2
ρ |~u|2 uk + ui(Pδik − piik) + ρuk + Fk
]
= −ρuk ∂Φ
∂xk
,
(3.3)
where σik is the viscous stress tensor, Φ is the gravitational potential,  is the spe-
cific internal energy, Fk is the heat conduction flux and δik is the unity tensor. It
is important to note that these equations do not require any assumptions regard-
ing the properties of the fluid and express only the general laws of conservation
of mass, momentum, and energy.
In the following the subscripts 1 and 2 will refer to conditions upstream and
downstream, respectively. Because the shock transition occurs in a thin layer, the
time required for a fluid to traverse the layer will be small compared to the time
for the external conditions to change appreciably. We take a coordinate system in
which the surface element considered is at rest, and the tangential component of
the fluid velocity is zero on both sides (i.e. u1|| = u2|| = 0). So the normal velocity
component u⊥ can simply be written as u (i.e. we have a planar shock wave, so
that the upstream fluid encounters the shock front in a direction perpendicular
to the face of the front). Integration of Eqs. (3.1)–(3.3) in their conservative
form with variations in one spatial dimension by ignoring any diffusive effects
and external sources for changing the mass, momentum, or energy content of the
fluid, gives
ρ1u1 = ρ2u2 ≡ j (3.4)
ρ1u
2
1 + P1 = ρ2u
2
2 + P2 (3.5)
1
2
u21 + h1 =
1
2
u22 + h2 , (3.6)
where j is the mass flux density at the surface of discontinuity and h = +P/ρ is
the specific enthalpy. Eqs. (3.4)–(3.6) are the so-called Rankine-Hugoniot jump
conditions. They give the downstream conditions if the upstream ones are known.
Using the definition of the specific volume V = 1/ρ, we obtain from Eq. (3.4) the
relations u1 = jV1 and u2 = jV2. Now Eq. (3.5) can be rewritten to become
j2 =
P2 − P1
V1 − V2 . (3.7)
If the mass flux through the surface of discontinuity is zero, i.e., if no gas crosses
it, then we have u1 = u2 = 0. Such a discontinuity surface is called a contact
surface. A contact surface moves with the gas and separates two zones of different
density (and temperature) while pressure and flow velocity are the same on both
sides. Due to dissipative processes contact discontinuities will gradually fade out.
Another useful relation is the velocity difference
u1 − u2 = j(V1 − V2) =
√
(P2 − P1)(V1 − V2) . (3.8)
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Figure 3.1: The Hugoniot curve for a polytropic gas, which is a rectangular hy-
perbola (Credit: Hillebrandt & Müller 2005).
Substituting Eq. (3.7) into (3.6) by using the definition of the specific enthalpy
yields
1 − 2 + 1
2
(V1 − V2)(P1 + P2) = 0 , (3.9)
which is called the Hugoniot adiabatic, by analogy with the equation relating the
initial and final pressure and volumes during adiabatic compression of a fluid.
Using the Hugoniot function with the center (P1, V1),
H(P, V ) = (P, V )− (P1, V1) + 1
2
(V − V1)(P + P1) , (3.10)
we can write Eq. (3.9) simply in the form
H(P2, V2) = 0 , (3.11)
which represents graphically a curve in the (P, V )-plane going through all possi-
ble conditions behind the shock. The slope of the line (so-called Rayleigh line)
that joins the upstream state (P1, V1) on the shock adiabatic to any other down-
stream state (P2, V2) on it is −j2, where j is the mass flux passing through the
shock (cf. Fig. 3.1). Consequently, when (P2, V2) is known, one can compute the
downstream speed u2 from the modified Rankine-Hugoniot condition (3.8).
Let us now apply these general relations to the special case of a perfect gas,
which is a fluid where intermolecular forces are negligible and the ratio of specific
heats, γ = cP/cV , is a constant. The value of γ depends on the number of
thermalized internal degrees of freedom of the gas’s constituent particles. For a
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perfect monoatomic gas, e.g., it is γ = 5/3. Such a gas obeys Boyle’s Law, which
is expressed by the equation of state
PV =
P
ρ
=
RT
µ
, (3.12)
where R is the universal gas constant, and µ the molecular weight of the gas. For
the velocity of sound c in such a gas we have
c2 = γ
RT
µ
= γ
P
ρ
. (3.13)
The internal energy then is only a function of T , which is remarkable:
 = cV T =
PV
γ − 1 =
c2
γ(γ − 1) , (3.14)
and for the enthalpy we get
h = cPT = γ
PV
γ − 1 =
c2
γ − 1 , (3.15)
where the relation cP − cV = R/µ has been used. Finally, the entropy S of the
gas is
S = S0 + cV ln
(
P
ργ
)
= S0 + cP ln
(
P 1/γ
ρ
)
. (3.16)
It can further be proven that a gas that is calorically perfect has the polytropic
equation of state
P = f(ρ, S) = Kργ , (3.17)
where K depends on the entropy only. Using these relations, the Hugoniot adia-
batic (3.9) can be rewritten in terms of the density ratio
ρ2
ρ1
=
V1
V2
=
(γ − 1)P1 + (γ + 1)P2
(γ + 1)P1 + (γ − 1)P2 , (3.18)
and pressure ratio
P2
P1
=
(γ + 1)V1 − (γ − 1)V2
(γ + 1)V2 − (γ − 1)V1 . (3.19)
Because we have assumed a perfect gas with T ∼ PV the temperature ratio takes
the form
T2
T1
=
P2V2
P1V1
=
P2
P1
(γ + 1)P1 + (γ − 1)P2
(γ − 1)P1 + (γ + 1)P2 . (3.20)
Finally, we get for the velocity difference (3.8)
u1 − u2 =
√
2V1(P2 − P1)√
(γ − 1)P1 + (γ + 1)P2
, (3.21)
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where j2 = [(γ − 1)P1 + (γ + 1)P2]/2V1 has been used. For practical purposes
it may be convenient to express the given ratios in terms of the upstream Mach
number M1 = u1/c1 (for a complete derivation cf. Appendix A.1)
ρ2
ρ1
=
(γ + 1)M21
(γ − 1)M21 + 2
(3.22)
P2
P1
=
2γM21
γ + 1
− γ − 1
γ + 1
(3.23)
T2
T1
=
[2γM21 − (γ − 1)][(γ − 1)M21 + 2]
(γ + 1)2M21
. (3.24)
The downstream Mach number M2 is given in terms of M1 by
M22 =
2 + (γ − 1)M21
2γM21 − (γ − 1)
. (3.25)
For a supersonic upstream (M1 ≥ 1) flow one may note that ρ2 ≥ ρ1 (u2 ≤ u1),
P2 ≥ P1, and T2 ≥ T1 whereas equality holds for the asymptotic limit M1 → 1.
Formally also “expansive shocks” are allowed, but it can be shown generally that
the entropy jump due to dissipation of kinetic energy into heat, S2 − S1, has
positive values for compressive shocks, and negative ones for rarefaction shocks.
Because the latter result violates the second law of thermodynamics, the word
“shock” always refers to “compressive shocks” (Champlain’s theorem). For the
limiting case of a very strong shock in a perfect gas, M1 →∞, the density jump
is bounded by a finite value,
ρ2
ρ1
=
γ + 1
γ − 1 = 4 for γ = 5/3 . (3.26)
In the same limit, the pressure and temperature jumps have no bounds, i.e.
P2
P1
→∞ and T2
T1
→∞ . (3.27)
3.2 Oblique shock waves
In this section we consider shock waves, for which the incident angle does not
equal 90◦, like it occurs for example in the bow shock around a blunt body (as
it will be discussed later in more detail). We will refer to these shock waves as
oblique shocks. The geometry of the problem is visualized in Fig. 3.2. Let the
x-axis be the direction of the gas velocity ~u1 in front of the shock wave, and let
β be the angle between the surface of discontinuity and the x-axis. Streamlines
passing through the shock front are refracted by the angle θ (deflection angle).
In Fig. 3.3 the shock inclination angle β is plotted against the deflection angle θ
for a given adiabatic index. For the tangential velocity components now holds
u1|| = u2|| = u1 · cos β = u2 · cos(β − θ) (3.28)
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Figure 3.2: Geometry of an oblique shock: θ denotes the deflection angle of the
velocity vector ~u from the incident flow direction as it passes through
the shock front, and β is the angle the shock front makes with respect
to the incident velocity in the plane of the flow.
Figure 3.3: Shock deflection angle θ as a function of the oblique shock angle β for
a given adiabatic index (here γ = 7/5). The dashed line is the devision
line between supersonic-supersonic transitions (left) and supersonic-
subsonic transitions (right) (Credit: Dullemond & Johansen 2007).
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Fig. 16.10: Construction for Mach cone formed by a supersonic projectile. The cone angle is
α = sin−1(M−1), where M − vp/c0 is the Mach number of the projectile.
and
M22 =
2 + (γ − 1)M2
2γM2 − (γ − 1) . (16.49)
Here M2 ≡ v2/c2 is the downstream Mach number.
The results for this equation of state illustrate a number of general features of shocks:
The density and pressure increase across the shock, the speed decreases, and the downstream
flow is subsonic—all discussed above—and one important new feature: A shock weakens as
its Mach number M decreases. In the limit that M → 1, the jumps in pressure, density, and
speed vanish and the shock disappears.
In the strong-shock limit, M $ 1, the jumps are
V2
V1
=
v2
v1
% γ − 1
γ + 1
, (16.50)
P2
P1
% 2γM
2
γ + 1
. (16.51)
Thus, the density jump is always of order unity, but the pressure jump grows ever larger as
M increases. Air has γ % 1.4 (Ex. 16.1), so the density compression ratio for a strong shock
in air is 6 and the pressure ratio is P2/P1 = 1.2M
2
16.5.2 Mach Cone
The shock waves formed by a supersonically moving body are quite complex close to the
body and depend on its detailed shape, Reynolds’ number, etc. However, far from the body,
the leading shock has the form of the Mach cone shown in Fig. 16.10. We can understand
this cone by the construction shown in the figure. The shock is the boundary between that
fluid which is in sound-based causal contact with the projectile and that which is not. This
boundary is mapped out by (conceptual) sound waves that propagate into the fluid from the
projectile at the ambient sound speed c0. When the projectile is at the indicated position,
the envelope of these circles is the shock front and has the shape of the Mach cone, with
Figure 3.4: The Mach cone formed by a supersonic projectile. The cone angle is
α = arcsinM−1, whereM−vp/c0 is the Mach number of the projectile
(Credit: Thorne 2002).
or
u1 · cos β = u2x · cos β + u2y · sin β , (3.29)
where u2x = u2 ·cos θ and u2y = u2 ·sin θ have been introduced. Eq. (3.29) implies
cot β =
u2y
u1 − u2x ⇔
1
sin2 β
= 1 +
u22y
(u1 − u2x)2 . (3.30)
Because tan β = u1⊥/u1||, we h ve for the normal velocity components
u1⊥ = u1 · sin β (3.31)
u2⊥ = u2 · sin(β − θ) (3.32)
or
u1⊥ = χ−1u2⊥ with u1⊥ > u2⊥ , (3.33)
where we have used mass conservation and have defined the inverse compression
ratio as χ = ρ1/ρ2. Since Eq. (3.31) has to be greater than the velocity of sound
c1, the angle β can only have values between pi2 and the Mach angle (in the free
stream) α1, which is given by
sinα1 =
c1
u1
≡ 1
M1
. (3.34)
So, the leading shock far from the body has the form of the Mach cone shown in
Fig. 3.4. Actually, the shock is the boundary between that fluid which is causally
connected with respect to perturbations with the projectile and that which is not.
Sound waves that propagate at the ambient sound speed c0 from the body into
the fluid map out this boundary. When the body is at the indicated position, the
envelope of these in Fig. 3.4 as circles depicted sound waves, is the shock front
which constitutes the Mach cone whose opening angle α is the Mach angle.
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The angle between the shock and the flow direction behind the shock can be
calculated by
tan(β − θ) = u2⊥
u2||
= χ tan β . (3.35)
The deviation of Eq. (3.35) takes the form
(1 + χ2 tan2 β)
dθ
dβ
= (1− χ)(1− χ tan2 β)− tan βdχ
dβ
. (3.36)
From this formula we see that the flow deflection angle θ takes its maximum (i.e.
dθ/dβ = 0) whenever tan β = χ−1/2 if χ is constant. The point for which this
condition holds is the so-called detachment point. The above velocity-geometry
relations may also be expressed in terms of the Mach number, as
sin β =
M1⊥
M1
sin(β − θ) = M2⊥
M2
(3.37)
cos β =
M1||
M1
cos(β − θ) = M2||
M2
. (3.38)
With these transformations the density, pressure, temperature ratios and the
downstream Mach number (3.22)–(3.25) can be rewritten for the more general
case of an oblique shock:
ρ2
ρ1
=
u1⊥
u2⊥
=
(γ + 1)M21 sin
2 β
(γ − 1)M21 sin2 β + 2
(3.39)
P2
P1
=
2γM21 sin
2 β
γ + 1
− γ − 1
γ + 1
(3.40)
T2
T1
=
[2γM21 sin
2 β − (γ − 1)][(γ − 1)M21 sin2 β + 2]
(γ + 1)2M21 sin
2 β
(3.41)
M22 sin
2(β − θ) = (γ − 1)M
2
1 sin
2 β + 2
2γM21 sin
2 β − (γ − 1) . (3.42)
It is easy to see that these ratios become the corresponding ones for a planar
shock if β = pi
2
and θ = 0. We now combine the reciprocal value of Eq. (3.39)
with (3.31) and (3.32) to become
u2⊥
u1⊥
=
u2 sin(β − θ)
u1 · sin β =
u2x sin β − u2y cos β
u1 sin β
=
2c21
(γ + 1)u21 sin
2 β
+
γ − 1
γ + 1
(3.43)
The next step is to substitute Eq. (3.30) into (3.43) to eliminate β:
u2x
u1
− u2y
u1
· cot β = u2x
u1
− u2y
u1
· u2y
u1 − u2x
=
2c21
(γ + 1)u21
[
1 +
u22y
(u1 − u2x)2
]
+
γ − 1
γ + 1
(3.44)
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strophoid
Figure 3.5: Shock polar
By defining the critical velocity c∗ for a perfect gas through
1
2
u21 + h1 =
(
γ + 1
γ − 1
)
c2∗
2
(3.45)
with h1 given by Eq. (3.15), the combination (γ − 1)u21 + 2c21 can be written as
(γ + 1)c2∗ and we finally obtain the desired relation
u22y = (u1 − u2x)2
{
u1u2x − c2∗
[2/(γ + 1)]u21 − u1u2x + c2∗
}
. (3.46)
Eq. (3.46), the so-called shock polar, gives u2y in terms of u2x once u1 and c∗
are known. The relation, a “strophoid”, is plotted in Fig. 3.5. The angle θmax
represents the maximum angle through which the flow can be deflected by an
oblique shock. As the Mach number M1 increases, θmax increases monotonically.
The limiting values are (see e.g. Shu 1992):
θmax → 8
√
2
3
√
3(γ − 1)(M1 − 1)
3/2 → 0 as M1 → 1 (3.47)
θmax → arcsin(1/γ) as M1 →∞ (3.48)
Eq. (3.47) implies that a sharp-nosed body (e.g. a wedge) which flies super-
sonically but too slowly will have a detached bow shock instead of a normally
attached one. Instead, Eq. (3.48) implies that a body with a nose more blunt than
arcsin(1/γ) flying supersonically at any speed will always have a detached bow
shock. In both cases, the deceleration of the flow to subsonic speeds at the head
of the bow shock generates the high pressures needed to push the gas through
angles large enough to allow it to slip past the flying body (Shu 1992).
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3.3 The supersonic blunt body problem
When a blunt body moves at supersonic speed (M1 > 1) through an uniform gas,
a bow shock wave will appear in front of the body, that separates the undisturbed
from the disturbed flow. This shock wave is detached and curved, ranging from
a planar shock wave at the body’s nose, to a weak Mach wave at large distance
from the body (Fig. 3.6). Hence, this single shock wave represents all possible
oblique shock solutions for the given upstream Mach number M1 with the wave
angle ranging from β = pi/2 to β = α, where α is the Mach angle. The blunt body
shock layer, the volume between the body and the shock, is a mixed subsonic-
supersonic flow, where the subsonic and supersonic regions are divided by sonic
lines, i.e. the locus of points at which M2 is unity; behind the normal, and nearly
normal portions of the shock wave, the flow is subsonic (M2 < 1), whereas behind
the more oblique portions of the shock wave the flow is supersonic (M2 > 1). It
is particularly this mixed nature of the flow field that makes the blunt body
problem mathematically extremely challenging. The governing highly nonlinear
partial differential equations of gas dynamics are of elliptic type in the subsonic
region which means that the flow at any given point depends simultaneously on
the properties at all other points in the subsonic region and in particular on the
conditions along the total boundary of the subsonic region. In contrast, the same
equations are of hyperbolic type in the supersonic region which means that the
flow at any given point depends only on the properties at other points that are
contained within the domain of dependence, bounded by the Mach lines reaching
upstream from the given point. Therefore any theoretical or numerical technique
suitable for the exact solution of the subsonic region is improperly posed and
hence falls apart in the supersonic region, and vice versa, as nicely reviewed by
Anderson (2006).
For a perfect gas the shape of the shock wave only depends on the shape of
the body and the upstream Mach number (Rusanov 1976). Experimental and
theoretical studies show that at fixed M1 only a slight change of the shock wave
shape causes a considerable change of the body shape. When M1 increases, the
shock wave for a given body moves closer to the body and the sonic points on
both the shock and the body move closer to the centerline. Moreover, the sonic
point on the shock moves down faster than the sonic point on the body. At the
limit M1 →∞, the shock shape even tends to a certain limit (Anderson 2006).
The flow in the vicinity of the supersonic surface is called transonic. As defined
by Rusanov (1976), a point P belongs to the transonic region if (a) P is situated in
the supersonic region, and (b) a small disturbance that has arisen at P eventually
reaches at least one point of the supersonic surface. Hayes & Probstein (1966)
described three possible types of transonic regions for axisymmetric and plane
flows. Type I exists for both plane and axisymmetric flows at low supersonic
upstream Mach number. The sonic point on the shock is much higher than on
the body, and the angle made by the sonic line at the body, ωb, is acute (Fig. 3.7 a).
As the Mach number increases, the sonic points on both the shock and the body
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Figure 3.6: Schematic of the flow-field over a blunt body moving at supersonic
speed (Credit: Anderson 2006).
move closer to the centerline, and the sonic line becomes more curved. This type
II corresponds to a Mach number of approximately 2 and greater for plane flow, or
a Mach number range between 2 and 3 for axisymmetric flow. For plane flow, the
angle ωb always remains acute, no matter how high the Mach number (Fig 3.7 b).
For axisymmetric flow there is a type III, where ωb becomes obtuse (Fig. 3.7 c).
Furthermore Fig. 3.7 shows the Mach number dependent change of the limiting
characteristic, which is, by definition (Anderson 2006), the locus of points, each
of which has only one point of the sonic line in its zone of action.
The flow structure in the supersonic region is determined by the values of the
gas-dynamic parameters on the limiting characteristic surface and by the shape of
the body surface. Compression and recompression shocks can occur, depending
on whether the shock front runs into a region of lower or higher density. The
stream over a concave edge of the body does not lead to an additional shock
because this would result in a decrease of entropy. Instead, the flow expands
isentropically forming a fan of waves (or Mach lines). At each position in the flow
these Mach lines have a slope of arcsin(u/c) to the stream lines.
An illustrative visualization of a supersonic flow around a blunt body is given
in Fig. 3.8, which shows a shadowgraph of a bullet traveling forward in air at
M1 = 1.5. It should be remarked that the dished appearance of the body’s front
face, the apparent thickness of the bow shock, and the bulged-out appearance
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Figure 3.7: Sonic line, limiting characteristic, and transonic region (grey) behav-
ior as upstream Mach number increases (Credit: Hayes & Probstein
1966).
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Figure 3.8: Shadowgraph of a bullet traveling forward in air at M1 = 1.5. The
features are as follows: A. Body, B. Bow shock, C. Subsonic region,
D. Recompression shock, E. Expansive fans, F. Rear shock,G. Dead-
water region, H. Turbulent wake.
(Credit: Andrew Davidhazy, Rochester Institute of Technology)
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of the sides are due to optical distortion. The flow which has entered the shock
front nearly perpendicularly is decelerated to subsonic speed in a region close
around the stagnation point. The shock waves emanating from the side of the
body probably result from recompression following overexpansion of the flow at
any irregular surface changes to the smooth profile of the bullet. Near the rear
corner cross section expansion takes place so that a volume of compressed air
close to the surface is allowed to expand into the fluid to fan out. The rear shock
comes from the recompression accompanying the necking-down of the “dead-water
region” to form the turbulent ‘Karman’ wake. The phased pulse seen in the wake
is due to the fluid in the wake progressively returning back to the energy state
of normal surrounding flow through a series of after-shocks (Hayes & Probstein
1966).
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4 Shock waves in the intergalactic
medium
4.1 Zoology of intergalactic shocks
Shock waves of many different scales are an ubiquitous feature of the intra-group
and intra-cluster medium. As reviewed by Markevitch & Vikhlinin (2007), there
are several phenomena that create shocks in the group or cluster environment.
First, shock waves can be generated in the central few hundred kpc regions by
powerful AGNs that blow bubbles in the ICM. Unfortunately, these shocks suffer
from poor projected emission due to their low Mach number (M ' 1).
Cosmological simulations predict the existence of shocks produced at large off-
center locations (several Mpc) by accretion of cool intergalactic gas onto the hot,
mostly virialized ICM. Due to this large temperature difference, the shocks are
assumed to be strong (M ' 10–100), which would imply that they are sites
of effective cosmic ray acceleration. Nevertheless, these shocks have never been
observed, presumably because they are located in regions with very low X-ray
surface brightness.
Galaxy clusters form via mergers of smaller subunits. If the gravitational po-
tential of the infalling subcluster is deep enough so that it can retain at least some
of its gas by entering the dense X-ray bright region of the cluster, a large fraction
of the subclusters’ vast kinetic energy is dissipated through a spectacular large-
scale merger shock, which heats the intra-cluster gas and probably accelerates
high-energy particles. Although many merging clusters feature recently heated
gas, so far only two candidate merger shocks have been observed. The reason for
this lies in two criteria the merger shock has to fulfill to be catched by observers;
first, it has not yet to be moved to the low-brightness outskirts, and, secondly,
it has to propagate nearly in the plane of the sky to enable a clear view at the
discontinuity. One such finding is the prototypical example in the hot galaxy
cluster 1E 0657-56 (Fig. 4.1). As explicitly described in Markevitch et al. (2002),
the shock propagates in front of a cooler bullet-like gas cloud, just exiting the dis-
rupted cluster core. The cloud is apparently a remnant of a dense central region
of the merging subcluster whose outer gas was stripped by ram pressure. The
subcluster Mach number is 2–3, and its mean velocity is 4700 km s−1. The bullet
is of the final stage of being destroyed by gas-dynamic instabilities. However,
the hottest gas resides in a different region of 1E 0657-56 where additional merg-
ing activity is at work. It should be noted that since the gravitational lensing
does not show a mass peak coincident with the mostly X-ray emitting gas bullet,
Clowe et al. (2006) interpreted this as the first “direct” evidence for the existence
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Figure 4.1: Chandra X-ray image (pink) overlaid on the projected total mass
map from weak lensing (blue) of 1E 0657-56 (Credit: X-ray:
NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Mag-
ellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO
WFI; Magellan/U.Arizona/D.Clowe et al.).
of dark matter. Due to its unique geometry 1E 0657-56 offered the opportunity
to combine the current velocity of the subcluster with mass measurements from
gravitational lensing and the distribution of the member galaxies from optical
data to derive a limit on the self-interaction cross-section of the dark matter par-
ticles, which Randall et al. (2008) showed to be σ/m < 0.7 cm2 g−1, where m is
the unknown mass of the dark matter particle. Another candidate is the bow
shock in A520 which presents itself on a Chandra X-ray image as a faint edge
southwest of the bright irregular remnant of a dense core. The derived Mach
number lies again between 2 and 3 giving a mean velocity of 2300 km s−1. Both
described clusters have prominent radio halos which strikingly coincides with the
bow shocks visible on X-ray images.
Not only subclusters but also individual galaxies that are group or cluster
members can interact with the intergalactic gas trapped into the potential well
of the galaxy system. Sweeps of a galaxy through the ICM at low velocities
would only result in a mild displacement of the outer regions of any gaseous
halo; in contrast, at super- or even hypersonic velocities a bow shock should be
generated ahead of the galaxy leading to removal and/or accretion of gas. In
the course of this interaction process, which plays an important role for galaxy
structure and subsequent evolution, some or all of the today observed metals are
injected into the ICM. Additionally to the bow shock, a tail of enhanced density
behind the galaxy due to ram-pressure stripping of the galaxy’s ISM as well as
a gravitationally focused wake concentrated by mass and motion of the galaxy
should be generated. These wakes provide information about the direction of
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700 G. Trinchieri et al.: SQ with XMM-Newton
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Fig. 4. (Left) Merged EPIC-MOS contours superimposed on a deep R-band image taken at the 2.5 m INT (courtesy of Carlo Gutiérrez). The
0.3−3.0 keV band X-ray data were smoothed with an adaptive algorithm before contouring. Outer contours chosen to show maximum extent
of X-ray emission. (Right) Optical R band contours superimposed on a “true” color X-ray image produced from 3 different EPIC-MOS energy
bands: red: 0.3−1.5 keV; green= 1.5−2.5 keV; blue= 2.5−6.0 keV. Contours were chosen to show maximum extent of the diffuse halo.
SE (TAIL) and the SW (towards NGC 7317) at an average ra-
dius of 2′−3′. The smaller extent towards S could reflect the
presence of additional absorption, due also in part to the fore-
ground NGC 7320; however, the same should be true for TAIL.
The EPIC-MOS CCD gaps make any characterization of any
diffuse structure outside r ∼ 4′ difficult to quantify properly.
In order to better highlight different spectral signatures
in the complex emission from SQ, we generated a color im-
age combining data in three broad bands: 0.3−1.5, 1.5−2.5,
and 2.5−7.0 keV (displayed as red, green, and blue, respec-
tively). The resulting image, shown in Fig. 4, shows a number
of localized regions with different colors that imply differences
in photon energy distribution. Many of these regions lack suffi-
cient photons for a detailed spectral analysis but we can make a
rough comparison of the relative photon distributions for some
of the regions that are illustrated in Fig. 5. A more detailed
analysis is given for regions with high enough photon statistics
(see Sect. 2.2). Constant broad energy bins are used for con-
structing all of the “pseudo-spectra” displayed in Fig. 6. These
energy distributions have not been corrected for instrumental
response. They were extracted from relatively small areas of
the central CCD in EPIC-MOS, so we do not expect variations
in the response matrix to affect this qualitative comparison be-
tween different sources and regions, but cannot be used to de-
rive spectral shapes.
The pseudo-spectra show significant differences that sug-
gest these sources are unlikely to be fit with the same spectral
model. We comment on the most striking:
1. Regions B and C (top panel) show similar distributions
especially compared with region A. The average pseudo-
spectrum of the shock region is intermediate between A
and B distributions. Chandra data suggest that a compact
source (Chandra #5 Trinchieri et al. 2003) is embedded in
condensation C (but not at its center). With the current as-
trometry and published positions of the Hα knots (e.g. Xu
et al. 2003), the Chandra position does not suggest coinci-
dence with any obvious optical feature in the new intruder,
so it might be an unrelated background source. A region of
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Fig. 5. Identification of source regions used in the production of
pseudo-spectra (Fig. 6). Unlabeled red regions within a marked area
were excluded from the spectral analysis of that region. Also shown
are the regions used to produce the cuts shown in Figs. 9 and 10.
intense star formation (STARBURST A in Xu et al. 1999)
and associated H  and CO emission lie between the N end
of the shock and source C.
2. The sources in the middle panel are associated with
SQ galaxies and show similar pseudo-spectra. NGC 7319
shows a strong hard photon excess which is most likely
related to an obscured active nucleus. Significantly dif-
ferent line-of-sight absorbing column densities might ex-
plain the large difference between the lowest energy points
of NGC 7318a and NGC 7317. This is consistent with
the lack of any radio line or continuum detections near
to NGC 7317. Unresolved radio continuum emission is de-
tected from NGC 7318a (Williams et al. 2002; Xu et al.
2003). Source # 2 is also included in this panel. This is the
only one of four very large (D ∼ 400 pc) Hα emission con-
densations detected as a discrete X-ray source (Trinchieri
et al. 2003) and belongs to NGC 7318b (Sulentic et al.
2001).
Figure 4.2: Left. Merged XMM EPIC-MOS contours superi posed on a deep
R-band image of Stephan’s Quintet. The data has been adaptively
smoothed in the energy band 0.3–3.0 keV. Right. Optical R band
contours supe imp sed on a “true” color X-ray image produced from
3 different EPIC-MOS energy bands: 0.3–1.5, 1.5–2.5, 2.5–6.0 keV,
represented as ed, green and blue respectively (Credit: Trinchieri
et al. 2005).
motion of galaxies on the plane of sky. Stevens et al. (1999) showed in numerical
simulations of inte acti ns between spherically modeled galaxies and the ICM
that, although stripping is most efficient in rich clusters, where galaxies might
lose all of their ISM due to higher a -pressure conditions, the best observable
cases for interaction effects in X-rays should be cool clusters or groups of galaxies.
This is becau e of the high contrast in X-ray surfac brightn ss between the ICM
and the slowly dispersing gravitationally focused stripped gas. The bow shock,
in c ntrast, is always less visible than any ram-pressure stripped tail.
Since there are many examples for galaxy-ICM inter ctions, two in the litera-
tur rece ly an lyzed and repr sentative objects were selected and are described
more extensively in the following sections.
4.2 Stephan’s Quintet
Trinchieri et al. (2003) and Trinchieri et al. (2005) studied the complex X-ray
emissio f the compac galaxy g oup Stephan’s Quintet (SQ) us ng Chandra
and XMM-Newton observations (Fig. 4.2). This group of five galaxies (NGC
7317, NGC 7318a, NGC 7318b, NGC 7319, and NGC 7320) is commonly known
to be a site of previous and present violent interaction processes. “The most
prominent sources are associated with a large scale shock (∼ 40 kpc at 85Mpc)
that is strongest at low energies (E <1.5 keV) and a Seyfert 2 nucleus1 in NGC
1Galaxies whose nuclei produce emission lines from highly ionized gas. Theoretical models
ascribe their power to energy released as matter drops into a massive central black hole.
They are divided into the Seyfert 1 class, with very broad emission lines, and the Seyfert 2
spectra, with lines . 1000 km s−1 wide. As indicated by their name, they were first identified
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7319 that dominates the emission above 2 keV” (Trinchieri et al. 2003). The shock
is resolved with Chandra into a narrow north-south, somewhat clumpy structure
between NGC 7318ab and NGC 7319, more sharply bounded on the west side
and embedded in a more extended diffuse emission which presumably represents
preexisting IGM heated up by previous collisions (e.g. NGC 7320c?). The sharp
western X-ray discontinuity may correspond to a contact discontinuity between
two colliding flows. Since contact surfaces are generally unstable, their presence
might be understood by assuming the presence of a magnetic field indicated by
a radio continuum emission coincident with the shock front that could suppress
Kelvin-Helmholtz instabilities (KHI) generated by shear flow (cf. Appendix A.2).
In the simplest scenario, as the authors indicate, the shock results from the
high velocity collision of the new intruder, the gas-rich spiral galaxy NGC 7318b,
with previously stripped H i gas in SQ. For an upstream H i temperature of 100K
(and number density ∼ 6.5 × 10−3 cm−3) the velocity of the intruder is highly
hypersonic (∼ 1000 km s−1), resulting in an upstream Mach number in the rest
frame of the galaxy of M1 ' 930. The gas inside the bow shock is heated up
to an energy of 0.5 keV (LX ∼ 1.5 × 1041 erg s−1). In order to explain these low
post-shock temperatures an oblique shock scenario (β ∼ 30◦) has to be taken into
account.
4.3 Galaxy group around IC 1262
Trinchieri et al. (2007) investigated a peculiar morphology of hot gas in the center
of the rich group or poor cluster (31 confirmed members) around the dominant
early type galaxy IC 1262 (first discovered with ROSAT HRI) using sensitive
Chandra and XMM-Newton observations. The group has a regular velocity dis-
tribution and a velocity dispersion of σ ' 560 km s−1. The X-ray emitting gas
has a total extent of at least 350 kpc, a mass of Mgas > 6 × 109M, a total X-
ray luminosity of LX ' 2.2 × 1043 erg s−1, and a total temperature greater than
1.6 keV. High-resolution Chandra X-ray data revealed a quite complex central gas
morphology with the following features:
A steep and narrow (≤ 1 keV) discontinuity with a total length up to a few
hundred kpc that runs in a north-south direction, east of the central galaxy.
Additionally, they found an arc/loop to the north and closer to IC 1262 with a
radius of ∼ 20 kpc. Both structures are significantly cooler than the surround-
ing medium and show significant discontinuities (about of factor 2) in surface
brightness. As visualized by Fig. 4.3 and 4.4, the temperature of the central
feature is ∼ 1 keV with a cooling time of τcool ' 109 yrs. While ∼ 1.7 keV are
measured in the inner structure, the temperature increases as a function of the
radius to ∼ 2 keV in the outer regions. The total luminosity of the perturbation is
LX ' 1.5× 1042 erg s−1 (0.5–20 keV). An electron density of ne ' 0.02–0.03 cm−3
has been found in the arc/loop, and values between ne ' 0.015 and 0.003 cm−3
in 1943 by C. Seyfert (Sparke & Gallagher 2000).
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160 G. Trinchieri et al.: Evidence of unrelaxed IGM around IC 1262
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Fig. 9. True color images of the inner structure (left) and larger area (right). The Chandra CCD7 data have been smoothed with the same function
in three energy bands: 0.5−1.1, 1.1−2.5, 2.5−5.0 keV, represented as red, green and blue respectively.
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Fig. 10. Schematic results of the temperature distribution in different regions, for the innermost (left) and outer (right) regions considered. The
values indicate the 90% confidence interval of the best fit temperature parameter in keV. The straight line at the bottom indicates the edge of the
Chandra CCD7 and the end of the spectral region considered.
have done it for region “middle”, and for the innermost circle, as
explained above), and not just in one privileged direction, which
supports the interpretation with emission from a pervasive hot
gas.
3. Discussion
IC 1262 is the dominant early type galaxy at the center of an
aggregate of galaxies with 31 confirmed members (Smith et al.
2004) distributed over approximately 20 ′ (see Fig. 11). While a
reliable census of membership is incomplete (for details, see the
selection criteria in Smith et al. 2004), it is clear that IC 1262
lies at the center of a rich group or poor cluster, with only a
few galaxies of comparable magnitude (e.g. IC 1263 4 ′ to the
NE, and IC 1264, 8′ to the S, using the photometry given in
NED). The group has a regular velocity distribution (cf. also
Fig. 7 in Smith et al. 2004) and an estimated velocity disper-
sion σ ∼ 560 km s−1 (S. Andreon, private communication, using
Beers et al. 1990; Andreon et al. 2006).
The total X-ray luminosity of the group, as measured from
the ROSAT data (Trinchieri & Pietsch 2000) and confirmed by
the Chandra and XMM-Newton data, exceeds LX = 10
43 erg s−1.
With a gas temperature kT > 1.6 keV, the group falls at the upper
end of the Lx − Tx and LX − σV relations determined for Group
Evolution Multiwavelength Study (GEMS) groups and close to
the values for richer clusters (e.g. Osmond & Ponman 2004).
Figure 4.3: True color images of the innermost (left) and outer region (right) of
the unrelaxed IGM around IC 1262. In order to reduce the noise the
Chandra CCD7 data has been adaptively smoothed in three energy
bands: 0.5–1.1, 1.1–2.5, 2.5–5.0 keV, represented as red, green and
blue respectively (Credit: Trinchieri et al. 2007).
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have done it for region “middle”, and for the innermost circl , as
explained above), a d not just in one privileged direction, which
supports the interpretation with emission from a pervasive hot
gas.
3. Discussion
IC 1262 is the dominant early type galaxy at the center of an
aggregate of galaxies with 31 confirmed members (Smith et al.
2004) distributed over approximately 20 ′ (see Fig. 11). While a
reliable census of membership is incomplete (for details, see the
selection criteria in Smith et al. 2004), it is clear that IC 1262
lies at the center of a rich group or poor cluster, with only a
few galaxies of comparable magni ude (e.g. IC 1263 4 ′ to the
NE, and IC 1264, 8′ to the S, using the photometry given in
NED). The group has a regular vel city distribution (cf. also
Fig. 7 in Smith et al. 2004) and an estimated velocity disper-
sion σ ∼ 560 km s−1 (S. Andreon, private communication, using
Beers et al. 1990; Andreon et al. 2006).
The total X-ray luminosity of the group, as measured from
the ROSAT data (Trinchieri & Pietsch 2000) and confirmed by
the Chandra and XMM-Newton data, exceeds LX = 10
43 erg s−1.
With a gas temperature kT > 1.6 keV, the group falls at the upper
end of the Lx − Tx and LX − σV relations determined for Group
Evolution Multiwavelength Study (GEMS) groups and close to
the values for richer clusters (e.g. Osmond & Ponman 2004).
Figure 4.4: Derived tempera ur distribu ion for the in ermost (left) a uter
region (right) of the unrelaxed ICM around 1262. The values indicate
the 90 % confidence interval of the best fit temperat re parameter
in keV. The straight li e t the bottom indicates the edge of the
Chandra CCD7 and the end of the spectral region considered (Credit:
Trinchieri et al. 2007).
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along the X-ray ridge. Although the true nature of this complex feature is still
elusive for lack of supporting evidence at different wavelengths, Trinchieri et al.
(2007) give a few interpretations in light of similar phenomena observed in groups
and clusters.
At first glance the structure’s morphology could indicate a shock. But its
significantly cooler temperature compared to the ambient medium (unless it can
be resorted to additional and very efficient cooling or peculiar geometrical effects)
as well as the lack of evidence of peculiar motions, or of high velocity “intruders”
that are slamming into the hot gas, rule out the shock as well as a cold front
scenario. However, as the authors remark, a deeper image of the field with proper
identification of all potential members would be needed to clarify that point.
Also a radio source is likely to significantly affect and modify the morphology
and characteristics of the hot ambient gas by pushing it aside leaving low surface
brightness “cavities” delimited by bright rims. Observations show that the emis-
sion from these rims is softer than the surrounding gas which could indicate that
the radio source expands subsonically, displacing cooler material. Although the
current data are of limited quality, a rather extended source with a morphology
reminiscent of a radio galaxy centered on IC 1262 and two lobes north and south
of the galaxy are visible. Since the luminosity of the radio source is significantly
lower than of the other radio galaxies responsible for cavities and rims, it could
be speculated that the source was more powerful in the past, and that thus the
current perturbation is but a relic of a since faded outburst. Nevertheless, as the
authors point out, the X-ray structure possibly associated with the radio source is
about ten times larger than in similar other systems! The authors conclude that
all these peculiarities make deeper and higher resolution observations inevitable.
In contrast, ram-pressure stripping of the bright spiral member IC 1263, located
at a distance of ∼ 140Mpc north of IC 1262 would explain temperature and
length of the filaments since the amount of cooler X-ray gas is comparable to the
ISM mass in IC 1263, and the conditions for stripping a large amount of gas are
favorable. Thus IC 1263 plunges most likely on a radial orbit (as expected for a
SBab galaxy) with a relative velocity of ∼ 1000 km s−1 through the dense center
of the group where stripping is more efficient for the first time, heating by this
the gas streaming behind the bow shock to the observed X-ray temperatures.
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In order to learn more about the galaxy–ICM interaction and its impact on struc-
ture formation and plasma physical processes in groups and clusters, we have per-
formed numerical simulations of galaxies moving through an uniform intergalactic
medium. Two interesting and in literature differently interpreted systems have
been chosen to be reproduced, namely the new intruder NGC 7318b in Stephan’s
Quintet, and IC 1263 that plunged through the group around IC 1262. Both
systems are extensively discussed in § 4.
5.1 Numerical method
The high-resolution multidimensional astrophysical hydrodynamics FORTRAN 77
code used in the simulations for this thesis is Virginia Hydrodynamics-1 (VH-
1), which is publicly available and was written by Blondin, Hawley, Lindahl, and
Lufkin at the Institute of Theoretical Astrophysics, University of Virginia in 1990-
1991 (Blondin 1994). VH-1 is based on the piecewise-parabolic method (PPM) as
described in Colella & Woodward (1984) and Woodward & Colella (1984), which
is in fact a third-order accurate extension of the grid-based Godunov method
(see Godunov 1959). In this method, the difference between the volume averaged
values in neighboring cells is considered to define a Riemann problem (that is, a
problem consisting of the dynamical evolution of two discontinuous states). The
time-averaged flux through the cell interface is then computed from a solution
to the Riemann problem integrated forward in time by ∆t (Stone 2001). In
order to construct the initial left- and right-states, monotonic piecewise parabolic
interpolation within cells is used.
VH-1, in particular, supports spherical, cylindrical or cartesian structured grids,
which have small memory requirement to store geometrical data and allow an
easy implementation of high-order shock capturing techniques. Unfortunately,
the fixed level of resolution prevents a dynamical adaptation to the flow. The nu-
merical values qnj of the hydrodynamic variables of density, velocity, and pressure
represent the average value over the j’th cell at a fixed time tn. In order to esti-
mate the fluid evolution, it is first necessary to estimate the time averaged values
of velocity u¯ and pressure P¯ at the co-moving (Lagrangian) cell interfaces. The
PPM estimates these values more accurately by using parabolas as interpolation
functions within each cell. Once the Riemann problem has been solved, the new
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cell values can be found by using the finite difference conservation equations
rn+1j+1/2 = r
n
j+1/2 + ∆t u¯j+1/2 (5.1)
un+1j = u
n
j +
∆t
∆mj
(P¯j−1/2 − P¯j+1/2) (5.2)
En+1j = Enj +
∆t
∆mj
(u¯j−1/2 P¯j−1/2 − u¯j+1/2 P¯j+1/2) , (5.3)
where u is the velocity, m the mass, P the pressure, and E the total energy
of the fluid. The subscript j refers to cell averaged values, and j − 1/2 and
j + 1/2 to values at the left and right hand side of the cell, respectively. The
superscript is the time step. This results in a four-dimensional grid of data for
each variable. Furthermore, the time step in the above equations must be chosen
to satisfy a stability constraint, namely the Courant-Friedrichs-Lewy condition:
∆t ≤ ∆x/max(|Wj|), where the components of W are the velocities of the char-
acteristics in the equations (corresponding to the group velocities of each wave
family). SinceWj depends on the solution, this condition must be applied at each
time step, so that in general ∆t will not be constant (Stone 2001). Once the new
values from the Lagrangian frame has been calculated, they are finally remapped
onto a stationary Eulerian grid. In other words, the Eulerian frame is used to
trace the movement of the fluid between time steps, while the actual evolution
of the fluid equations is performed in the Lagrangian frame; this makes VH-1 in
fact to a PPM with Lagrangian remap (PPMLR) code. The transformation to
a Lagrangian frame simplifies solving the Riemann problem, and results in a net
increase in performance over PPM codes using only an Eulerian grid.
VH-1 is roughly structured as follows: First, the initialization is done by the
subroutines init.f which reads in the input file and grid.f which constructs
the numerical grid based on geometry, grid size and endpoints. The main loop
consists primarily of the subroutines sweepx.f, sweepy.f and sweepz.f; VH-1
reduces each time step to three one-dimensional evolutionary “sweeps” via oper-
ator splitting. For each one-dimensional sweep, the fluid variables are evolved in
Lagrangian coordinates by solving one-dimensional finite difference equations in
that direction and are then remapped onto the original Eulerian grid. The order
of the sweeps is cycled through all possible permutations to avoid any left-handed
or right-handed numerical artifacts. Additionally, VH-1 uses so-called ghost zones
to build the proper interpolation functions at the end of the grid. The data in
these zones is created by using boundary condition assumptions (which are set
by sweepbc.f).
Some important features of VH-1 are:
• “upstream” method: propagation of information through the flow is handled
correctly, ensuring high stability and accuracy
• high resolution of flow patterns due to third-order accuracy in spatial rep-
resentation of the fluid variables
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• Riemann solver: good shock capturing
• explicit time discretization (CFL-condition)
• monotonicity: advection of the initial distribution so that no new numeri-
cally caused extrema can occur
• low numerical dissipation or diffusion
• no artificial viscosity
• easy implementation of additional physics because of the truthful represen-
tation of basic physics in Eulerian schemes
5.2 Numerical calculations
5.2.1 Code changes
• init.f
This subroutine initializes all the fluid variables on the entire numerical
grid and the initial guess for the timestep. It was therefore subject to the
most fundamental changes. The boundary condition and geometry flags as
well as the dimension parameter have been altered to represent the desired
astrophysical problem. The subroutine in its present form allows to put a
stratified ellipse (very simple galaxy model) into a planar supersonic flow
from the left. Input variables are major and minor semi-axis of the galaxy,
location of the galactic center, Mach number of the flow as well as the
particular fluid variables for the galactic ISM and the ambient medium.
Our version of VH-1 comprises now dimension-assigned fluid variables (cgs
units). The resulting huge parameter space made a transition to double
precision variables via compiler flag inevitable (cf. Appendix A.3.1).
• prin.f
This subroutine is called each time a data file is written out. A bow shock
tracer as well as a stagnation distance gauger have been implemented, that
scan the numerical grid for entropy jumps unveiling the location of the bow
shock. This allows measurements of the gas-dynamical quantities right
behind the shock. Furthermore, the standard 2D HDF SDS file output has
been changed to the vtk-format that is readable by Kitware’s open-source,
multi-platform parallel visualization application “ParaView”. Additionally
to this, each 2D computational run now produces several 1D ASCII data
slice outputs for plotting, like a cut along the x-axis or through the galaxy’s
wake (cf. Appendix A.3.2).
• radiate.f
Radiative cooling of an optically thin plasma happens in several processes
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through transformation of kinetic particle energy into photons which can
leave the area. At lower temperatures, T < 107 K, it is particularly re-
combination radiation that contributes to radiative cooling while at higher
temperatures line cooling becomes ineffective and bremsstrahlung becomes
the dominant mechanism (Sutherland & Dopita 1993).
Radiative cooling has been incorporated by using standard operator split-
ting techniques. The subroutine takes the density (or temperature) in each
cell and iteratively solves for the cooling, finally updating the relevant pa-
rameters. The local energy loss, n2Λ, is calculated using an analytic fit to
the cooling curves presented in Sutherland & Dopita (1993), assuming op-
tically thin gas with solar element abundance, so that Λ(ρ, T ) depends only
on the local density and temperature (Fig. 5.1). For T < 104 K the cool-
ing is truncated. In order to minimize spurious over-cooling at numerically
unresolved interfaces between dense cool and tenuous hot gas, e.g. shocks
but more significantly contact discontinuities, a density and pressure gradi-
ent finder has been included that sets the cooling rate at such problematic
interfaces to the minimum value found in the neighboring cells. Essential
parts of the used algorithm have been developed and kindly provided by
Dr. Ian R. Stevens (cf. Appendix A.3.3).
• vhone.f
This program is the main driver for VH-1. It reads the input (adapted
version of indat), sets up the grid and initializes it, constrains the timestep,
handles the data output, and calls the appropriate sweep routines (Blondin
1994). The calls of radiate.f have been inserted here.
5.2.2 Simulation setup
Each presented simulation has been carried out in 2D on an uniform 2400× 1200
Cartesian grid, with a computational domain of 4.8 × 1023 cm by 2.4 × 1023 cm
(∼ 156×78 kpc2). Thus, the grid resolution is ∆x = ∆y = 2×1020 cm (∼ 65 pc).
Runs with other grid sizes showed that the results are not resolution-dependent.
The only difference is that small-scale instabilities and fragmentations of stripped
material cannot be resolved on coarser grids. “Outflow” boundary conditions
are used along the top, the bottom and on the right of the grid, while the left
boundary is “inflow”. To prevent possible weak reflections of outgoing waves at
outflow boundaries, the latter were placed as far away from the model galaxy as
it was feasible.
Initially the major and minor axis of the galaxy – simply modeled as a stratified
gaseous ellipse – is a = 23.5 kpc (a/∆x = 362) and b = 14.8 kpc (b/∆y = 229)
for the NGC 7318b simulation, and a = 34.6 kpc (a/∆x = 534) and b = 14.3 kpc
(b/∆y = 220) for the IC 1263 simulation. The semi-axes are taken from the
NED1. The galaxy, which in fact represents a cylinder with its symmetry axis
1http://nedwww.ipac.caltech.edu/
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Figure 5.1: Collisional ionization equilibrium (CIE) cooling curve for solar metal-
licity (thick curve). The thin curves indicate the emission by the
dominant species (Credit: Sutherland & Dopita 1993).
ICM parameter Symbol (units) IC 1262 group SQ
Density ρICM (g cm−3) 8.0× 10−27 6.7× 10−27
Temperature TICM (K) 2.0× 107 100
Sound velocity cICM (cm s−1) 6.7× 107 1.5× 105
Metallicity [Fe/H]ICM (dex) 0.0 0.0
Table 5.1: Parameters for the model intra-group or intra-cluster medium.
perpendicular to the computational plane, is placed face-on at the center of the
y-axis and at a distance of 78 kpc for horizontal orientation or 62 kpc for vertical
orientation from the inflow boundary. This distinction is made in order to ensure
that the complete bow shock is inside the computational domain.
Each computation begins with the galaxy at rest while intra-cluster gas of
density ρICM flows from left to right at constant speed UICM = MICM cICM, where
MICM is the Mach number and cICM = (γPICM/ρICM)1/2 with γ = 5/3 is the
sound speed in the ambient medium. Interactions with this “wind” accelerate the
galaxy toward the positive x-direction. Table 5.1 characterizes the model intra-
cluster medium. The galaxy itself consists of three ISM layers; a core of neutral
hydrogen, a Lockman layer, and a Reynolds layer. These layers are assumed
to be in pressure equilibrium with each other in order to prevent expansion or
contraction. A detailed list of the gas-dynamical parameters for each galaxy layer
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ISM parameter Symbol (units) H i core Lockman layer Reynolds layer
Density ρISM (g cm−3) 6.2× 10−24 1.0× 10−25 6.9× 10−26
Temperature TISM(K) 100 6000 8000
Sound velocity cISM (cm s−1) 1.5× 106 1.2× 107 1.3× 107
Metallicity [Fe/H]ISM (dex) 0.0 0.0 0.0
Table 5.2: Parameters for the model galaxy ISM used in all simulations.
Model Galaxy MICM UICM
orientation [km s−1]
A1 horizontal 930 1.392× 103
A2 vertical 930 1.392× 103
B1 horizontal 1.5 1.004× 103
B2 horizontal 2.0 1.339× 103
B3 horizontal 3.0 2.008× 103
B4 horizontal 5.0 3.347× 103
B5 horizontal 10.0 6.693× 103
B6 vertical 1.5 1.004× 103
B7 vertical 2.0 1.339× 103
B8 vertical 3.0 2.008× 103
B9 vertical 5.0 3.347× 103
B10 vertical 10.0 6.693× 103
Table 5.3: List of the model parameters; the Mach number and the flow speed of
the intra-cluster gas are denoted by MICM and UICM, respectively.
is given by Table 5.2.
5.3 Results
A total of 12 simulations have been run; two for the SQ intruder NGC 7318b,
and ten for the IC 1262 group. An overview is given in Table 5.3. The following
sections are structured as follows: After a more qualitative discussion of the
general gas-dynamic evolutionary trend all simulations have in common (§ 5.3.1),
detailed results of the numerical runs are presented in the sections thereafter
(§ 5.3.2, § 5.3.3).
5.3.1 General evolution
Once set in motion, a shock pair is formed on the interface that originally sep-
arates the galaxy interstellar medium (ISM) from the ambient intra-group or
intra-cluster medium; namely, a prominent bow shock (reflected shock) that
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moves ahead of the galaxy into the ambient medium, and an equally strong ram-
pressure-driven transmitted shock that races from the nose through the galaxy
compressing it along the direction of motion (Courant & Friedrichs 1948). The
pressure immediately behind the bow shock is less than the initial ram-pressure
on the nose of the galaxy, Pram ' ρICM U2ICM (Jones et al. 1994). Meanwhile,
small-scale KHIs develop on the head-on area of the galaxy which rapidly grow
and propagate from the galaxy’s forward face along its perimeter. Thus a mixing
layer is established at the galaxy boundary which leads to subsequent erosion
of ISM into the turbulent Karman wake. The bow shock reaches temporarily a
fairly constant stand-off or detachment distance on the axis of symmetry ∆0 after
a time that is comparable to the sound-crossing time scale
τsc =
2∆
cs
, (5.4)
where cs is the velocity of sound within the shock layer. However, this state is
only short-living since successive changes of the galaxy shape trigger once again
an adaptation of the bow shock shape. Due to the large temperature increase
behind the bow shock, the gas is thrown badly out of thermal equilibrium, so that
the net cooling function Λ exceeds zero by a substantial amount. The subsequent
radiative cooling of the gas causes it to compress because of the ambient pressure,
leading to an additional contraction of the shock layer as time proceeds. The
temperature should then be lowered until the gas eventually retains radiative
balance after a time that is of the order of the cooling time scale τcool. Depending
on the actual Mach number, the galaxy finally begins to be clearly disrupted
by instabilities; large-scale Raleigh-Taylor instabilities (RTI) set in that arise
whenever a denser fluid is located on top of a lighter fluid with an acceleration
directed downwards. They penetrate through the shock-heated ISM, developing
the typical mushroom-shaped (“finger”-like) protuberances of the media into one
another and at last seriously disrupt the galaxy (Markevitch & Vikhlinin 2007).
It may be noted that the mass of a real galaxy’s dark matter halo would in
principle reduce or even suppress RTIs. Also the formation of a magnetic layer
at the galaxy boundary as a result of “magnetic draping” would provide enough
surface tension to suppress or reduce the growth of KHIs. In order to study the
influence of these effects in more detail, more sophisticated magnetohydrodynamic
simulations of galaxies with an underlying dark matter halo would be required.
5.3.2 Results: Stephan’s Quintet
The galaxy-IGM interaction which presumably led to the formation of a bow
shock in Stephan’s Quintet has been numerically investigated. In the simplest
scenario – as proposed by Trinchieri et al. (2003) – the shock results from the
collision of the intruder galaxy NGC 7318b with a previously stripped neutral
hydrogen cloud (TICM ' 100K). On the basis of observations by the same authors,
the impact velocity of NGC 7318b has been chosen to be 1400 km s−1. Due
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to the low upstream temperature the collision happens to be highly hypersonic
(M = 930). Thereafter the results for model A2 are presented.
Detailed color-coded log density (in g cm−3) and log temperature (in K) maps
with the velocity field superimposed are shown at the times 60, 130, and 200Myr
after the start of the simulation in Fig. 5.2 and Fig. 5.3. Furthermore, Fig. 5.4
shows cuts along the axis of symmetry at the times 60 (dashed line) and 200
(solid line) after the start of the simulation, revealing the characteristic profile of
the flow structure; the bow shock represents the discontinuity between the undis-
turbed flow leftmost and the subsequent plateau-like region, the shock layer.
The following jump (fall) in density (temperature) indicates a contact surface
separating the post-shock region from the galaxy, since the tangential velocity
component at that point is zero (and the pressure is continuous). It is followed
by the galaxy’s ISM distribution (maximum in density; local minimum in tem-
perature) and the highly varying flow structure in the turbulent wake. Owing
to the good numerical resolution of the simulation, it is possible to clearly track
the formation and evolution of KHIs and RTIs that have a crucial impact on
the flow field. The peak post-shock temperature that is measured at the inter-
section between the galaxy’s axis of symmetry and the tip of the bow shock is
about 2.7× 107 K (kBT ' 2.33 keV). In contrast, at the wings of the bow shock,
where the shock inclination angle reaches approximately 30◦, the downstream
temperature is about 6.3× 106 K (kBT ' 0.54 keV). This statement is confirmed
by Fig. 5.5 that gives the temperature immediately behind the bow shock as a
function of the shock inclination angle β. Due to the high Mach number, the
compression ratio along the total bow shock remains approximately unchanged
at the value for a planar shock, ∼ 4. Thus, we have a post-shock density of about
2.7× 10−26 g cm−3. With that in mind, the mean cooling time for the outer parts
of the shock layer can be calculated to be
τcool =
3kBT
nΛ(T )
' 4.2× 108 yr , (5.5)
where Λ(T ) ' 7×10−24 erg cm3 s−1 for a gas with 10% solar metallicity. Obviously,
τcool is much shorter than the Hubble time but yet too large to permit substantial
gas cooling during the considered time interval.
Since all these values are in excellent agreement with observational data it is
very likely that the incoming flow crosses the shock indeed at an angle of about
30◦ (which is actually at the wings of the bow shock) producing the obtained X-
ray data. It should be noted that all numerically derived parameters are in good
agreement with the ones given by the Rankine-Hugoniot jump conditions for a
shock transition with this Mach number. Due to the very high Mach number the
opening angle of the Mach cone, and thus also of the bow shock, is fairly small.
Because of the nearly circular projected shape of the galaxy, the simulation with
horizontal orientation (model A1) deliver qualitatively as well as quantitatively
rather similar results as presented in Fig 5.6 and 5.7.
Artificial spectra. Artificial X-ray emission spectra for an optically thin as-
sumed plasma in the bow shock around the stagnation point as well as in the wing
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Figure 5.2: Color-coded log density map (in g cm−3) overlaid with the velocity
field of the NGC 7318b simulation (model A2) at the times (a) t '
60Myr, (b) t ' 130Myr, and (c) t ' 200Myr.
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Figure 5.3: Color-coded log temperature map (in K) overlaid with the velocity
field of the NGC 7318b simulation (model A2) at the times (a) t '
60Myr, (b) t ' 130Myr, and (c) t ' 200Myr.
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Figure 5.4: Cut along the axis of symmetry of the NGC 7318b simulation (model
A2) at the times t ' 60Myr (dashed line) and t ' 200Myr (solid
line) after the start of the simulation. Shown from top to bottom are
log gas density, log gas temperature, and velocity as measured in the
rest frame of the galaxy.
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Figure 5.5: Post-shock temperature as a function of the shock angle β for the
NGC 7318b interaction scenario.
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(a)
(b)
(c)
Figure 5.6: Color-coded log density map (in g cm−3) overlaid with the velocity
field of the NGC 7318b simulation (model A1) at the times (a) t '
60Myr, (b) t ' 130Myr, and (c) t ' 200Myr.
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(a)
(b)
(c)
Figure 5.7: Color-coded log temperature map (in K) overlaid with the velocity
field of the NGC 7318b simulation (model A1) at the times (a) t '
60Myr, (b) t ' 130Myr, and (c) t ' 200Myr.
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have been produced by using a modified version of the CIE Raymond & Smith
hot plasma code (Raymond & Smith 1977) by Dr. Dieter Breitschwerdt (Fig. 5.8
and 5.9). In order to parametrize photoabsorption in the X-ray spectra, a uni-
form foreground absorbing column density of hydrogen with NH = 8× 1020 cm−2
has been chosen. The identification of individual emission lines has been per-
formed by using the tables in Zombeck (1990) and Schmutzler (1987). Due to the
very high temperatures in the ICM, elements are either fully ionized or in a high
ionization state. The most prominent line in the spectrum of the (nearly) per-
pendicularly shocked plasma is the iron emission line at photon energies between
6.5 and 7.0 keV, which is actually a blend of lines from iron ions (mainly Fexxv
and Fexxvi) and weaker lines from nickel ions. The 7 keV Fe line is used in
X-ray spectroscopy to determine the redshift of clusters with moderate accuracy.
Its emissivity significantly depends on the electron density and is proportional
to the square of the electron density and to the abundance of iron. In addition
to the 7 keV Fe line complex, the X-ray spectrum contains a large number of
lower energy lines including K lines of common elements lighter than iron, such
as C, N, O, Ne, Mg, Si, S, Ar and Ca, as well as the L lines of Fe and Ni. The
spectrum in the cooler bow shock wings, instead, does not show a 7 keV Fe line
but rather more emission lines of the mentioned elements in the energy interval
0 ≤ E ≤ 2 keV.
As extensively discussed in Sarazin (1988) the X-ray continuum emission is due
to thermal bremsstrahlung (free-free emission), recombination (free-bound) emis-
sion, and two-photon decay of metastable 2s states of hydrogenic and helium-like
ions. For solar abundances, the most dominant X-ray emission process is ther-
mal bremsstrahlung primarily from hydrogen and helium. In contrast, processes
such as collisional excitation of valence or inner shell electrons, radiative and di-
electronic recombination, inner shell collisional ionization, and radiative cascades
following any of these processes contribute to X-ray line emission. Possible mech-
anism for metal injection into the ICM plasma are galactic winds, ram-pressure
stripping, merging of (sub-) clusters, jets from AGNs, and intra-cluster super-
novae.
5.3.3 Results: IC 1262 group
A parameter study has been carried out for the intergalactic medium in the group
around IC 1262; a galaxy with the dimensions of IC 1263 traverses the hot ICM
with different Mach numbers. In addition to the color maps for gas density
and temperature (Fig. 5.10 and 5.11) and the plots through the galaxy’s axis of
symmetry (Fig. 5.12), the flow variables along a vertical cut through the wake
region (at fixed x = 3.6 × 1023 cm or x ' 117 kpc) are presented in Fig. 5.13 for
the Mach numbers MICM = 1.5, 2, 3, 5, and 10 (models B1–B5), in which the
former case should actually represent observed conditions of the galaxy cluster.
Again, the peak post-shock temperature is measured at the intersection between
the galaxy’s axis of symmetry and the tip of the bow shock. It ranges between
44
Numerical solution 5.3 Results
Figure 5.8: Synthetic X-ray emission spectrum for the stand-off region
Figure 5.9: Synthetic X-ray emission spectrum for the bow shock wings
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1.9× 107 K (kBT ' 1.67 keV) for MICM = 1.5 and 4.0× 108 K (kBT ' 34.43 keV)
for MICM = 10. The density ranges at that point between 2.0× 10−26 g cm−3 for
MICM = 1.5 and 5.4×10−26 g cm−3 forMICM = 10. Ram-pressure stripped ISM in
the wake region of model B1 is heated up locally to about 6.3–8.5×106 K (kBT '
0.54–0.7 keV) which supports the ram-pressure stripping scenario discussed in
§ 4.3 (cf. Fig. 5.13). Also the mean particle density along the rim of gas of
∼ 0.005 cm−3 fits quite well into that hypothesis.
Actually, the frames in Fig. 5.10 and 5.11 give a good quantitative impression
of how strong the structure of the flow field is related to the value of the Mach
number. The overall appearance of the galaxy after 130Myr remains quite undis-
turbed for MICM = 1.5 (Fig. 5.10a; Fig. 5.11a); Vortices start to peel off from the
rear of the galaxy in regular, periodic manner leading to a lost of the top-bottom
symmetry. This is the well-known Karman vortex street. For 1.5 < MICM < 3
(Fig. 5.10b,c; Fig. 5.11b,c) more and more vorticity is generated on the surface
of the galaxy eventually leading to random, chaotic motion, that is turbulence.
At MICM ≥ 3 (Fig. 5.10c–e; Fig. 5.11c–e), already large scale eddies (“blobs”
of vorticity) – which are continually created by KHIs and RTIs – are teased
out by shear stress into a tangle of twisted, asymmetric, spaghetti-like streaks.
The devastating influence of RTIs becomes particularly evident for the hyper-
sonic MICM = 10 model B5 (Fig. 5.10e; Fig. 5.11e), leaving behind a disrupted
shell-like relic of the galaxy. The turbulent mixing arises from chaotic advection
coming from the non-linearity as described by the term (~u ~∇) ~u in the equation of
motion. The resulting vortical structures appear again and again in more or less
the same warped mushroom-like shapes and then break up through a sequence of
inertial instabilities into finer and finer entities, passing by this their energy. We
thus obtain a highly convoluted, fully turbulent wake which is maintained and
redistributed by the incident flow. The velocity field within this wake is highly
disordered in space and fluctuates randomly in time. At each instant, there is a
continual cascade of energy from the large eddy scale down to the small, that only
comes to a halt, when viscous forces become significant and dissipation starts to
become important; in other words, if the Reynolds number, the ratio between
inertial and viscous forces, i.e.,
Re =
uL
ν
(5.6)
becomes of order unity. The variables u, L and ν denote flow velocity, character-
istic length scale and viscosity, respectively (Davidson 2004).
Moreover, the Mach number growth is accompanied by a shrinkage of the de-
tachment distance. An issue that may appear inconsistent at first glance is that
the simulations show a more widely opened Mach cone as one would expect by
evaluating the definition of the (asymptotic) Mach angle α = arcsinM−1ICM. This
paradox can easily be resolved if one recalls that the galaxy is not a solid body,
but a gaseous entity whose outer, less dense gas is being continuously stripped
by the stream of shocked gas. The off-axis parts of the shock front that are seen
in later times are not driven by the galaxy at that time, but by a bigger galaxy
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that has existed just a short while ago. Thus, “the shape of the shock front does
not correspond to a Mach cone, but rather reflects the change of the galaxy size
with time” (Markevitch & Vikhlinin 2007).
Similar simulations have been carried out for a vertically oriented galaxy as
well (models B6–B10). Color maps for density and temperature overlaid by with
the velocity field are depicted in Fig. 5.14 and 5.15. Generally, nothing substan-
tially new can be learned from them, apart from the fact that the bow shock is
less curved and due to the bulky orientation, galaxy-ICM interaction processes
happen to be more violently than in the horizontal case. As a consequence, the
galaxy is also shifted much faster to the right end of the grid by ram-pressure.
In order to enable a closer look at KHIs and RTIs, a square with a side length of
5×1022 cm has been zoomed in, also giving a feeling for the good numerical resolu-
tion. By looking at this, one cannot deny the artistic character of hydrodynamic
simulations ...
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Figure 5.10: Color-coded log density maps (in g cm−3) overlaid with the velocity
field of the IC 1263 parameter study 130Myr after the start of the
simulation. The Mach numbers are (a) M = 1.5, (b) M = 2, (c)
M = 3, (d) M = 5, and (e) M = 10 (models B1–B5).
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Figure 5.10: (continued)
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Figure 5.11: Color-coded log temperature maps (in K) overlaid with the velocity
field of the IC 1263 parameter study 130Myr after the start of the
simulation. The Mach numbers are (a) M = 1.5, (b) M = 2, (c)
M = 3, (d) M = 5, and (e) M = 10 (models B1–B5).
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Figure 5.11: (continued)
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Figure 5.12: Cut along the axis of symmetry of the IC 1263 simulation for the
upstream Mach numbers M = 1.5 (solid line) and M = 5 (dashed
line) at the time t ' 200Myr after the start of the simulation (model
B1 and B4). Shown from top to bottom are log gas density, log
gas temperature, and velocity as measured in the rest frame of the
galaxy.
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Figure 5.13: Cut through the wake region of the IC 1263 simulation for the up-
stream Mach numbers M = 1.5 (solid line) and M = 5 (dashed line)
at the time t ' 200Myr after the start of the simulation (model
B1 and B4). Shown from top to bottom are log gas density, log
gas temperature, and velocity as measured in the rest frame of the
galaxy.
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Figure 5.14: Color-coded log density maps (in g cm−3) overlaid with the velocity
field of the IC 1263 parameter study 130Myr after the start of the
simulation. The Mach numbers are (a) M = 1.5, (b) M = 2, (c)
M = 3, (d)M = 5, and (e)M = 10 (models B6–B10). The zoomed-
in square, showing KHIs and RTIs, has a side length of 5× 1022 cm.
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(d)
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Figure 5.14: (continued)
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Figure 5.15: Color-coded log temperature maps (in K) overlaid with the velocity
field of the IC 1263 parameter study 130Myr after the start of the
simulation. The Mach numbers are (a) M = 1.5, (b) M = 2, (c)
M = 3, (d)M = 5, and (e)M = 10 (models B6–B10). The zoomed-
in square, showing KHIs and RTIs, has a side length of 5× 1022 cm.
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Figure 5.15: (continued)
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6 Analytical solution
In order to test the obtained numerical results of § 5 as well as to gain deeper
insight into the underlying physics, in this section, the analysis developed by
Schneider (1968) will be outlined as a very vivid and elegant treatment of the
inviscid hypersonic blunt body problem (cf. Oswatitsch 1977).
6.1 Schneider’s solution for the hypersonic blunt
body problem
Schneider’s method is an inverse method, which means that the shock wave shape
is assumed, and the body shape that supports the assumed shock, as well as
the flow field between shock and body (i.e. in the shock layer) are calculated.
The fundamental advantage of this method in comparison to the ones by other
authors is its uniform validity in the whole flow field (from the stagnation region
up to large distances from the projectile nose). Until now this method has been
frequently adopted in aerospace engineering, in particular for solving the reentry
problem of space probes, space shuttles, etc. in planetary or Earth’s atmosphere.
However, as far as we are aware, this thesis demonstrates the first application of
Schneider’s method to an astrophysical problem.
We introduce a shock-oriented curvilinear coordinate system of boundary-layer
type, where x is the distance along the shock surface in the plane formed by the
shock normal and the direction of the uniform fluid flow, and y is the distance
normal to the shock surface (Fig. 6.1). The corresponding velocity components
are denoted by u and v. The Cartesian coordinates for plane flow or the cylindrical
coordinates for axisymmetric flow can be calculated from Fig. 6.1 by using the
geometrical relations
z = zˆ + y sin βˆ , (6.1)
r = rˆ − y cos βˆ , (6.2)
where βˆ is the shock inclination angle in the point N(zˆ, rˆ), where the shock-
normal through Q intersects the shock surface. Moreover S is the point where
the streamline throughQ crosses the shock wave. The flow quantities immediately
behind the shock in the point N are denoted by a ‘hat’ (ˆ), and in the point S
by an ‘asterisk’ (∗). In contrast to the notation in previous chapters, free-stream
flow quantities are denoted by the subscript ∞.
Since the functions zˆ(x) and rˆ(x) are known for a given shock shape, Eqs. (6.1)
and (6.2) may be used to calculate the coordinates z and r of a point Q from
its coordinates x and y. The curvature of the shock contour in the point N is
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Figure 6.1: Used shock-oriented coordinate system of boundary-layer type
(Credit: Schneider 1968)
denoted by κˆ(x), defined as positive when the surface is concave on the side of
positive y (cf. Fig. 6.1). The curvature of any of the other surfaces of constant y
is H−1κˆ, where
H = 1− κˆy > 0 . (6.3)
The metric for this coordinate system simply is (cf. Hayes & Probstein 1966)
ds2 = H2dx2 + dy2 . (6.4)
Thus, the governing hydrodynamic equations become (cf. Appendix A.4)
∂rjρu
∂x
+
∂Hrjρv
∂y
= 0 , (6.5)
u
∂u
∂x
+Hv∂u
∂y
− κˆuv + 1
ρ
∂P
∂x
= 0 , (6.6)
u
∂v
∂x
+Hv∂v
∂y
+ κˆu2 +
H
ρ
∂P
∂y
= 0 , (6.7)
u
∂S
∂x
+Hv∂S
∂y
= 0 , (6.8)
where r(x, y) is the distance from the axis and j is 0 or 1 for plane or axisymmetric
flow. It may be remarked that we have used the entropy equation in place of the
energy equation. We now want to make a von Mises transformation such that
the independent variables (x, y) are replaced by (x¯ = x, ψ), where ψ is a stream
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function defined in terms of its partial derivatives
∂ψ
∂x
= (1− κˆy)rjρv , (6.9)
∂ψ
∂y
= −rjρu . (6.10)
The stream function is constant along a streamline and represents mass flow per
unit depth for plane flows, and mass flow per unit azimuthal angle (in radians)
for axisymmetric flows. In the point N this function is simply
ψˆ = ρ∞U∞
rˆ1+j
1 + j
, (6.11)
and in the point S we have
ψ = ρ∞U∞
r1+j∗
1 + j
. (6.12)
It may be noted that the stream function is essentially frontal area times ρ∞U∞.
In the new coordinate system with the variable y eliminated, the equations of
energy, entropy, and momentum read
u2 + v2 + 2h = u2∗ + v
2
∗ + 2h∗ = const. , (6.13)
∂S
∂x¯
= 0, or S = S∗(ψ) , (6.14)
u
∂u
∂x¯
+ v
∂v
∂x¯
+
1
ρ
∂P
∂x¯
= 0 , (6.15)
(1− κˆy)
(
1− j y
rˆ
cos βˆ
)
rˆj
∂P
∂ψ
= κˆu+
∂v
∂x¯
. (6.16)
The variable y is a dependent variable after the von Mises transformation, and
obeys the equations
∂y
∂x¯
= (1− κˆy)v
u
, (6.17)
∂y
∂ψ
= − 1{1− j(y/rˆ) cos βˆ}rˆjρu . (6.18)
At this point it is useful to introduce the Landau symbol O, which describes an
asymptotic upper bound for the magnitude of a function in terms of another,
usually simpler function. Consequently, f(x) = O(g(x)) means that |f(x)| is not
very large in comparison with |g(x)|. The flow quantities immediately behind the
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shock may be obtained from the Rankine-Hugoniot jump conditions in terms of
χˆ; they are
uˆ = U∞ cos βˆ , (6.19)
vˆ = U∞χˆ sin βˆ , (6.20)
Pˆ = P∞ + ρ∞U2∞(1− χˆ) sin2 βˆ , (6.21)
hˆ = h∞ +
1
2
U2∞(1− χˆ2) sin2 βˆ . (6.22)
The latter equations maintain their validity if the “hats” are replaced by “aster-
isks”. The pressure within the shock layer is given by the Newton-Busemann
pressure law (see e.g. Hayes & Probstein 1966), a simplified form of the momen-
tum equation (6.16), which reads
P = Pˆ − κˆ
rˆj
∫ ψˆ
ψ
u dψ . (6.23)
The following derivation is taken from the original paper by Schneider (1968).
The method is based on two main assumptions: First, we assume that the inverse
compression ratio across the shock is very small, i.e.
χˆ =
ρ∞
ρˆ
 1 and χ∗ = ρ∞
ρ∗
= O(χˆ) . (6.24)
Second, the pressure at the point Q of the disturbed flow field should not be
very small compared with the pressure immediately behind the shock in the
intersection point of the shock surface with its normal through the point Q, i.e.
Pˆ
P
= O(1) (on x = const, y > 0) . (6.25)
The momentum equation (6.15) can be rewritten to become
1
2
∂(u2 + v2)
∂x¯
+
P
ρ
∂ lnP
∂x¯
= 0 . (6.26)
From Eqs. (6.19) and (6.20) we can estimate the ratio of the velocity components
v2
u2
= O(χˆ2 tan2 βˆ) +O
(
v2b
u2b
)
. (6.27)
As Schneider (1968) demonstrates in an elaborate calculation, the ratio of the
velocity components at the body is
vb
ub
= O
(
χˆ sin βˆ ln
ρb
ρˆ
)
, (6.28)
which can be combined with Eqs. (6.21) and (6.25) to become
vb
ub
= O
(
χˆ
[
Pb
ρ∞U2∞
]1/2
ln
ρb
ρˆ
)
. (6.29)
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It may be shown that on every streamline the relation
P
ρ
= U2∞O(χ∗) (6.30)
holds. Thus, Eq. (6.29) becomes
vb
ub
= O
([
χˆχ∗
ρb
ρˆ
]1/2
ln
ρb
ρˆ
)
, (6.31)
which can be simplified by using the assumption (6.24) and the fact that ρb/ρˆ =
O(1)
vb
ub
= O(χˆ) . (6.32)
If we now temporarily exclude the stagnation region (defined by tan2 χˆ  1)
from our consideration, Eqs. (6.27) and (6.32) suggest to neglect v2 in compari-
son with u2 within the momentum equation (6.26). Integration of Eq. (6.26) in
consideration of isentropy on streamlines, yields
u2 − u2∗ + 2
∫ lnP
lnP∗
(
P
ρ
)
s=s∗
d(lnP ) = 0 . (6.33)
If we exclude once again the stagnation region as well as the region characterized
by u uˆ, the first term of the latter equation can be rewritten by using
U2∞ = O(u2) . (6.34)
With the aid of Eq. (6.30) the integral in Eq. (6.33) can be evaluated;∫ lnP
lnP∗
(
P
ρ
)
S=S∗
d(lnP ) = U2∞O
(
χ∗ ln
P∗
P
)
. (6.35)
Since the gas may expand substantially on the stagnation streamlines, the term
ln(P∗/P ) can become very large. For a further analysis it is advantageous to
divide the integral in Eq. (6.33) into two parts;
u2 − u2∗ + 2
∫ ln Pˆ
lnP∗
(
P
ρ
)
S=S∗
d(lnP ) + 2
∫ lnP
ln Pˆ
(
P
ρ
)
S=S∗
d(lnP ) = 0 , (6.36)
where the integral in the fourth term can be evaluated by using the assumption
(6.24) together with Eq. (6.30);∫ lnP
ln Pˆ
(
P
ρ
)
S=S∗
d(lnP ) = U2∞O
(
χ∗ ln
Pˆ
P
)
= U2∞O(χ∗) , (6.37)
and thus turns out to be negligible. Hence Eq. (6.36) simplifies to
u2(P ) = u
2
∗ − 2
∫ Pˆ
P∗
(
1
ρ
)
S=S∗
dP + . . . , (6.38)
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or, equivalently,
u2(P ) = u
2
∗ + 2[h∗ − h(Pˆ , S∗)] + . . . , (6.39)
where the well-known relation for the enthalpy dh = dP/ρ (for dS = 0) has
been used so that h = h(P, S) is an equation of state of the gas. The subscript
(P ) shall denote that this approximation is used only to calculate the pressure
P . Finally, by inserting Eq. (6.39), the Newton-Busemann pressure law can be
rewritten to yield the important result
P = Pˆ − κˆ
rˆj
∫ ψˆ
ψ
(u2∗ + 2[h∗ − h(Pˆ , S∗)])1/2dψ′ . (6.40)
It may be noted that all quantities on the equation’s right-hand side are given by
the boundary conditions at the shock or by the equation of state. A closer look
reveals, moreover, that the terms coming from the temporarily excluded portions
of the flow field – namely where u  uˆ as well as the stagnation region – are of
the order χˆ and therefore yield only a negligible contribution to the integral in
Eq. (6.40). Consequently, the whole gas-dynamic state is known in the streamline
coordinate system (x¯, ψ) by evaluating S = S∗(ψ) and P from Eq. (6.40).
The actual location of the body in space can be determined by solving the
differential equation (6.18) via separation of variables giving the distance from
the shock surface y as a function of x¯ and ψ;
y
(
1− j cos βˆ
2rˆ
y
)
=
1
rˆj
∫ ψˆ
ψ
dψ′
ρu
. (6.41)
Neglecting errors of O(χˆ) we may replace the velocity component in x-direction
by
u2 = u2∗ + 2[h∗ − h(P, S∗)] + . . . , (6.42)
which follows from the energy equation (6.13). The integral in Eq. (6.41) is then
Y =
∫ ψˆ
ψ
dψ′
ρ(P, S∗){u2∗ + 2[h∗ − h(P, S∗)]}1/2
. (6.43)
Solving the quadratic equation in y on the left-hand side of Eq. (6.41), we have
to distinguish between plane (j = 0) and axisymmetric (j = 1) flows. Thus we
have
for j = 0 : y = Y ; (6.44)
for j = 1 : y =
rˆ
cos βˆ
1−(1− 2Y cos βˆ
rˆ2
)1/2 . (6.45)
In order to finally give these results in the convenient coordinate x and y, the
transformations (6.1) and (6.2) have to be carried out.
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In the context of this thesis especially the case of a perfect gas with constant
specific heats is of great interest. Then as is known the inverse compression ratio
is given by
χ∗ =
γ − 1
γ + 1
+
2
(γ + 1)M2∞ sin
2 β∗
. (6.46)
The two integrals that have to be evaluated then are
P = Pˆ − U∞κˆ
rˆj
ψˆ∫
ψ
√√√√√cos2 β∗ + [ 2
(γ − 1)M2∞
+ sin2 β∗
]1−( sin2 βˆ
sin2 β∗
) γ−1
γ
dψ′ ,
(6.47)
Y =
1
ρ∞U∞
ψˆ∫
ψ
χ∗(Pˆ sin2 β∗/P sin2 βˆ)1/γdψ′√
cos2 β∗ +
[
2
(γ−1)M2∞ + sin
2 β∗
] [
1−
(
P sin2 βˆ
Pˆ sin2 β∗
) γ−1
γ
] . (6.48)
The curvature can be calculated by the well-known formula
κ =
∣∣∣d2rdz2 ∣∣∣[
1 +
(
dr
dz
)2]3/2 . (6.49)
As well, the following simple relations for the the shock inclination angle turn
out to be quite useful;
tan β =
dr
dz
=: q , (6.50)
sin2 β =
q2
1 + q2
, (6.51)
cos2 β =
1
1 + q2
. (6.52)
The density for a perfect gas is represented by the quantity
ρ = ρ∗
(
P
P∗
)1/γ
=
(
γ − 1
γ + 1
+
2
(γ + 1)M2∞ sin
2 β∗
)−1
ρ∞
(
P
Pˆ
sin2 βˆ
sin2 β∗
)1/γ
. (6.53)
For simplicity reasons we want introduce dimensionless units; the stream function,
e.g., then is Ψ = ψ/ρ∞U∞Lj+1, where L is a characteristic length.
On the body surface we have ψ = 0. Hence the pressure on the body surface
Pb(x) as well as the shock layer thickness ∆(x) can be obtained by replacing the
lower limits in Eqs. (6.47) and (6.48) by zero; hence
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Pb
ρ∞U2∞
=
1
γM2∞
+ (1− χˆ) sin2 βˆ (6.54)
− κˆ
rˆj
Ψˆ∫
0
√√√√√cos2 β∗ + [ 2
(γ − 1)M2∞
+ sin2 β∗
]1−( sin2 βˆ
sin2 β∗
) γ−1
γ
dΨ ,
where the relation
Pˆ
ρ∞U2∞
=
P∞
ρ∞U2∞
+ (1− χˆ) sin2 βˆ = 1
γM2∞
+ (1− χˆ) sin2 βˆ (6.55)
has been used. Furthermore, we get
for j = 0 : ∆ = Y
∣∣∣∣
ψ=0
, (6.56)
for j = 1 : ∆ =
rˆ
cos βˆ
1−(1− 2Y |ψ=0 cos βˆ
rˆ2
)1/2 , (6.57)
with
Y
∣∣∣∣
ψ=0
=
Ψˆ∫
0
χ∗(Pˆ sin2 β∗/P sin2 βˆ)1/γdΨ√
cos2 β∗ +
[
2
(γ−1)M2∞ + sin
2 β∗
] [
1−
(
P sin2 βˆ
Pˆ sin2 β∗
) γ−1
γ
] . (6.58)
6.2 Results
The derived method has been applied to simulated galaxy systems. With the
aid of the implemented shock tracer, it was possible to parameterize the nu-
merically calculated bow shocks. A perfect monoatomic gas with γ = 5/3 has
been assumed. Especially SQ with its hypersonic Mach number of M∞ = 930
has served as an excellent laboratory to apply Schneider’s method. The derived
galaxy shapes as well as the calculated pressure at the galaxy surfaces are plotted
in Fig. 6.2–6.4. The stand-off distance ranges between ∆0 ∼ 5.5 and 7.1 kpc. In
oder to test the method for a less supersonic case as well, model B4, which shows
an upstream Mach number of M∞ = 5, has been analyzed. Also for this case a
good agreement is achieved, demonstrating the wide applicability of Schneider’s
method. The detachment distance has measured to be ∆0 ∼ 7.5 kpc (Fig. 6.5). A
low Mach number calculation has been performed as well; model B1 (M∞ = 1.5)
yields compared to previous results the largest stand-off distance ∆0 ∼ 10.4 kpc
(Fig. 6.6).
In Fig. 6.7 the analytical results have been superimposed on the numerically
derived slides (cf. § 5). The accordance is pretty good, when it is kept in mind,
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that the dashed lines represent the galaxy’s envelopes and therefore single fluid
instabilities cannot be predicted analytically. Especially the detachment distances
are estimated rather precisely. One exception, of course, as depicted in Fig. 6.8, is
the almost transonic model B1 for which the assumptions made in the analytical
derivation, do not hold any more.
Please also note, that the astrophysical possibilities that Schneider’s method
bear are by far not restricted to galaxy-ICM interaction alone; on the contrary,
any scenario, such as bow shocks around galaxy subclusters, gas bullets, jets
(Herbig-Haro objects) or individual stars, can be covered as well!
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Figure 6.2: Shape of the galaxy NGC 7318b (dashed line) and pressure at the
galaxy surface for the bow shock (solid line) at t = 60Myr (j =
0, rˆ2 = 1.78zˆ). A perfect gas with γ = 5/3 and an upstream Mach
number of M∞ = 930 have been assumed. The detachment distance
is ∆0 ' 2.2× 1022 cm (' 7.1 kpc).
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Figure 6.3: Shape of the galaxy NGC 7318b (dashed line) and pressure at the
galaxy surface for the bow shock (solid line) at t = 130Myr (j =
0, rˆ2 = 1.36zˆ). A perfect gas with γ = 5/3 and an upstream Mach
number of M∞ = 930 have been assumed. The detachment distance
is ∆0 ' 1.7× 1022 cm (' 5.5 kpc).
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Figure 6.4: Shape of the galaxy NGC 7318b (dashed line) and pressure at the
galaxy surface for the bow shock (solid line) at t = 200Myr (j =
0, rˆ2.1 = 1.4zˆ). A perfect gas with γ = 5/3 and an upstream Mach
number of M∞ = 930 have been assumed. The detachment distance
is ∆0 ' 2.1× 1022 cm (' 6.8 kpc).
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Figure 6.5: Shape of the galaxy IC 1263 (dashed line) and pressure at the galaxy
surface for the bow shock (solid line) at t = 130Myr (j = 0, rˆ2.2 =
1.17zˆ). A perfect gas with γ = 5/3 and an upstream Mach number
of M∞ = 5 have been assumed. The detachment distance is ∆0 '
2.3× 1022 cm (' 7.5 kpc).
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Figure 6.6: Shape of the galaxy IC 1263 (dashed line) and pressure at the galaxy
surface for the bow shock (solid line) at t = 130Myr (j = 0, rˆ2 =
1.17zˆ). A perfect gas with γ = 5/3 and an upstream Mach number
of M∞ = 1.5 have been assumed. The detachment distance is ∆0 '
3.2× 1022 cm (' 10.4 kpc).
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Figure 6.7: Composite of numerically (here log temperature in K) and analytically
derived results. Upper left. Model A2 at t = 60Myr; Upper right.
Model A2 at t = 130Myr; Lower left. Model A2 at t = 200Myr;
Lower right. Model B4 at t = 130Myr.
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Figure 6.8: Comparison between numerically (here log temperature in K) and
analytically derived results of model B1 at t = 130Myr.
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7 Summary and Conclusions
The main topic of this thesis is the intergalactic supersonic blunt body problem.
Galaxies dashing supersonically through the intergalactic gas, trapped in the
potential wells of groups or clusters, generate bow shock waves ahead of the
incident galaxies. Apart from this highly energetic interaction processes which are
responsible for the structural evolution of galaxies and abrupt state changes of the
intergalactic gas, a tail of enhanced interstellar gas density behind the galaxies as
a consequence of ram-pressure stripping as well as a gravitationally focused wake
can be created. The formation of bow shocks in the group and cluster environment
is thus of fundamental importance and is therefore extensively studied in this
thesis numerically as well as analytically.
After a short review of properties of groups and clusters of galaxies that includes
a discussion of the hot intergalactic medium, the Sunyaev-Zel’dovich effect, and
models describing the origin of the magnetic fields that are frozen into the X-
ray plasma, the governing equations of planar as well as oblique shock waves
are derived and the supersonic blunt body problem is outlined and illustrated
by astrophysical findings. Thereupon, recently by Chandra and XMM-Newton
obtained elusive X-ray features in the data of Stephan’s Quintet (Trinchieri et al.
2003, 2005) and the galaxy group around IC 1262 (Trinchieri et al. 2007) are
presented and discussed. It was a main goal of this thesis to shed some light on
the underlying physical processes that are at work in these two representative
systems.
For that purpose, we have carried out several two-dimensional numerical simu-
lations using the high-resolution astrophysical (pure) hydrodynamics code VH-1
(Blondin 1994) that is based on the piecewise-parabolic method (Colella & Wood-
ward 1984; Woodward & Colella 1984) and is therefore ideally suited to analyze
shocks. The code has been altered to allow simulations of the interaction be-
tween a simple modeled galaxy (assumed as a stratified gaseous ellipse) and an
uniform gas flow of arbitrary Mach number. Apart from some changes in the
output-routine that include a shock tracer and stagnation distance gauger, a sub-
routine has been included that accounts for radiative cooling of the optically thin
plasma with solar metallicity by using standard operator splitting techniques. In
the course of these simulations we have found out, on the one hand, that the
scenario of a large scale curved shock produced by the collision between the high
velocity (M ∼ 930) intruder NGC 7318b and a preexisting H i cloud serves as
a good explanation for the detected X-ray emission in Stephan’s Quintet. The
observed gas seems to pass the bow shock wave at an inclination angle of about
30◦. Additionally, synthetic X-ray emission spectra for the stagnation region and
an area in the bow shock wings have been obtained by using a modified version
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of the Raymond & Smith plasma code (Raymond & Smith 1977). However, for
a detailed comparison to spectroscopically gained data (Trinchieri et al. 2003,
2005), an adaption to the energy binning of the X-ray satellites would be re-
quired and will be the subject of a forthcoming paper. On the other hand we
could trace back the elongated cooler structure found in the group around IC
1262 to a ram-pressure stripping scenario of the spiral galaxy IC 1262. Due to
the good physical resolution of these simulations (65 pc), it is possible to follow
the development of individual Kelvin-Helmholtz and Rayleigh-Taylor instabilities
and their effects on the structural evolution of the model galaxy. Also a detailed
look into the turbulent wake is permitted.
In order to solve the hypersonic blunt body problem analytically, the solution
of Schneider (1968) developed for aerospace engineering has been applied. It is
the first time, as the authors are aware of, that Schneider’s method is used in
an astrophysical context. In contrast to other analytical models, the solution is
valid in the whole flow field (from the stagnation region to the bow shock wings)
and in particular takes into account velocity gradients along the streamlines. It
is based on two main assumptions; firstly, the density ratio across the shock has
to be very large, and, secondly, the pressure at a point Q of the disturbed flow
field must not to be very small in comparison to the pressure immediately behind
the shock in the intersection point of the shock surface with its normal through
Q. In the derivation, heat conduction, viscosity as well as terms of the order of χ
are neglected. Nevertheless, it is not required that the shock layer, which is the
area between the bow shock wave and the projectile, has to be thin. The above
mentioned galaxy systems are investigated analytically by using the described
method. Since we are dealing with an inverse method, the shape of the bow
shock has to be parameterized in order to be consistent with the galaxy shape.
This has been done by using numerical data gained by the implemented shock
tracer. The obtained solutions are in excellent agreement with the numerically
derived results and allow precise predictions of the stand-off distance as long
as the initially made assumptions are not violated by too low Mach numbers.
The great potential of Schneider’s method suggests an application to many other
astrophysical problems that involve bow shocks for the future.
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A.1 Rankine-Hugoniot jump conditions
We recall that the conservation equations of hydrodynamics are given by the
Rankine-Hugoniot jump conditions, which are
ρ1u1 = ρ2u2 (A.1)
ρ1u
2
1 + P1 = ρ2u
2
2 + P2 (A.2)
1
2
u21 +
γ
γ − 1
P1
ρ1
=
1
2
u22 +
γ
γ − 1
P2
ρ2
. (A.3)
Furthermore we have for the velocity of sound upstream and downstream, respec-
tively, c21 = γP1/ρ1 and c22 = γP2/ρ2. The upstream Mach number is defined by
M1 = u1/c1.
Compression ratio. From Eq. (A.2) we get
ρ1u
2
1
(
1− u2
u1
)
= P2 − P1 = 1
γ
(
ρ2c
2
2 − ρ1c21
)
.
Using Eq. (A.1) the last expression becomes
ρ1u
2
1
(
1− u2
u1
)
=
1
γ
ρ1
(
u1
u2
c22 − c21
)
,
or after dividing through the momentum flux and plugging in the Mach number
we have
1− u2
u1
=
1
γ
(
u1
u2
c22
u21
− 1
M21
)
⇐⇒ 1− ξ = 1
γ
(
1
ξ
c22
u21
− 1
M21
)
, (A.4)
where we have set ξ = u2/u1 by virtue of convenience. From Eq. (A.3) we have
1− u
2
2
u21
=
2
γ − 1
(
c22
u21
− 1
M21
)
,
which can be written in the form
c22
u21
=
γ − 1
2
(
1− u
2
2
u21
)
+
1
M21
=
γ − 1
2
(
1− ξ2)+ 1
M21
.
Combining this expression with Eq. (A.4) yields
1− ξ = 1
γ
{
1
ξ
[
γ − 1
2
(
1− ξ2)+ 1
M21
]
− 1
M21
}
.
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After a little algebra we finally get
ξ
(
γ − γ − 1
2
)
=
γ − 1
2
+
1
M21
or, equivalently,
1
ξ
=
u1
u2
=
ρ2
ρ1
=
(γ + 1)M21
2 + (γ − 1)M21
=
(γ + 1)M21
(γ + 1) + (γ − 1)(M21 − 1)
. (A.5)
Pressure ratio. From Eq. (A.2) we may write
P2 − P1 = ρ1u21
(
1− ρ1
ρ2
)
= P1
(
P2
P1
− 1
)
or, equivalently,
P2
P1
=
ρ1u
2
1
ρ1c21/γ
(
1− ρ1
ρ2
)
+ 1 .
After plugging in the result (A.5), we obtain
P2
P1
= γM21
(
1− (γ − 1)M
2
1 + 2
(γ + 1)M21
)
+ 1 =
2γ(M21 − 1) + γ + 1
γ + 1
. (A.6)
Temperature ratio. Since
T2
T1
=
P2V2
P1V1
=
P2ρ1
P1ρ2
,
inserting the results (A.5) and (A.6) yields
T2
T1
=
[2γM21 − (γ − 1)][(γ − 1)M21 + 2]
(γ + 1)2M21
. (A.7)
A.2 Kelvin-Helmholtz instabilities
In this section we shall demonstrate that flows in which two fluid layers move
uniformly relative to each other, one sliding on the other, are unstable to small
perturbation. This instability is known as Kelvin-Helmholtz instability (KHI).
Beside applications in astrophysics, this type of flows arise quite frequently in
daily situations; e.g. when smoke discharges from a chimney into the atmosphere
or when the wind blows over a lake. The interface between these two fluid layers
is a contact discontinuity on which the fluid velocity tangential to the surface is
discontinuous. Since this boundary layer is quite often much thinner than the
length scale associated with the flow and the disturbances are much greater than
the thickness of the boundary layer, viscous stresses can be ignored. Further-
more, we specialize to very subsonic speed, for which the flow can be treated as
incompressible; the effects of surface tension and gravity are neglected.
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We restrict our attention to the simplest version of the instability; a small
portion of the contact surface and the flow in its vicinity is considered, so that
we may regard this portion as plane. It is convenient to work in a frame of
reference in which a fluid of density ρ+ may move horizontally with speed v
above a second fluid, which is at rest, with density ρ−. In addition, may x be a
coordinate measured along the interface and may z be measured perpendicular
to the surface. Latter may receive a slight perturbation, in which all quantities –
the coordinates of points on the surface, the fluid velocity, and the pressure – are
periodic functions, proportional to ei(kx−ωt). The associated perturbations to the
velocity and pressure are denoted by δ~v and δP , respectively. After linearization
in the amplitude of these perturbations we get the following set of hydrodynamic
equations for the perturbation δ~v:
~∇ · δ~v = 0 , (A.8)
∂
∂t
δ~v + v
∂
∂x
δ~v = −1
ρ
~∇δP . (A.9)
Combining these two equations we find, that the pressure satisfies Laplace’s equa-
tion:
∆ δP = 0 . (A.10)
Let ζ = ζ(x, t) denote the displacement in z-direction of the points on the
contact surface due to the perturbation. Then the rate of change of the surface
coordinate ζ for a given value of x is
∂ζ
∂t
= δvz − v ∂ζ
∂x
. (A.11)
We seek a wave mode in which the perturbed quantities vary proportional to
f(z) ei(kx−ωt) with f(z) dying out away from the interface. Substituting this
ansatz for the pressure in (A.10) we obtain f ′′−k2f = 0, whence f = const.×e±kz.
If the index “+” corresponds to positive values of z, we must take f = const.×e−kz,
so that
δP+ = const.× ei(kx−ωt) e−kz . (A.12)
Plugging this equation in the z-component of Euler’s equation (A.9), yields
δvz =
k δP+
iρ+(kv − ω) = iζ(kv − ω) . (A.13)
With that in mind, (A.12) can be rewritten:
δP+ = −ζρ+(kv − ω)
2
k
. (A.14)
The pressure on the other side of the surface – where v = 0 and the sign is
changed – is given by
δP− =
ζρ−ω2
k
. (A.15)
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Since the pressures δP+ and δP− are equal on the surface of discontinuity, we
have
ρ+(kv − ω)2 = −ρ−ω2 . (A.16)
Solving for angular frequency ω as a function of the horizontal wave number k,
we finally obtain the dispersion relation for linear Kelvin-Helmholtz modes
ω = kv
(
ρ+ ± i√ρ+ρ−
ρ+ + ρ−
)
.
The physical reason for the instability is the following: The velocity on top of
a wave crest is slightly higher and below a wave trough slightly lower. Because
of Bernoulli’s theorem, the pressure will be lower in regions of higher velocity
and vice versa. Hence there is a centrifugal force that tries to lift the wave crest
and to sag the wave trough. This will cause the perturbation to grow, producing
ripples and kinks and finally the typical “cat’s eye” pattern (cf. Padmanabhan
2000; Landau & Lifshitz 2004).
A.3 Implemented and modified VH-1 subroutines
A.3.1 init.f
subroutine init
C
C supersonic flow around a model galaxy
C
C dec07 :: Schulreich
C=======================================================================
C
C GLOBALS
C
include ’global.h’
include ’zone.h’
C
C LOCALS
C
integer i, j, k
integer ea,eb,ibody0,jbody0
integer ea1,ea2,ea3,ea4,eb1,eb2,eb3,eb4
real edge1,edge2
C
C Set up geometry and boundary conditions of grid
C
C Boundary condition flags : nleft, nright
C = 0 : reflecting boundary condition
C = 1 : inflow/outflow boundary condition
C = 2 : fixed inflow boundary condition
C = 3 : periodic
C Geometry flag : ngeom | Cartesian:
C = 0 : planar | gx = 0, gy = 0, gz = 0
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C = 1 : cylindrical radial | Cylindrical:
C = 2 : spherical radial 3D= { gx = 0, gy = 1, gz = 3
C = 3 : cylindrical angle |
C = 4 : spherical polar angle (theta) | Spherical:
C = 5 : spherical azimuth angle (phi) | gx = 2, gy = 4, gz = 5
C Define the problem...
ndim = 2
ngeomx = 0
ngeomy = 0
ngeomz = 0
nleftx = 1
nrightx= 1
nlefty = 1
nrighty= 1
nleftz = 0
nrightz= 0
xmin = 0.0
xmax = 4.8e23
ymin = 0.0
ymax = 2.4e23
zmin = 0.
zmax = 1.
gam = 5. / 3.
time = 0.0
courant= 0.6
pi = 2.0 * asin(1.0)
gamm = gam - 1.0
boltzman = 1.380658e-16
avgmass = 1.02724e-24
C If any dimension is angular, multiply coordinates by pi...
if(ngeomy.ge.3) then
ymin = ymin * pi
ymax = ymax * pi
endif
if(ngeomz.ge.3) then
zmin = zmin * pi
zmax = zmax * pi
endif
C Set up grid coordinates and parabolic coefficients
call grid(imax,xmin,xmax,zxa,zxc,zdx,zparax)
call grid(jmax,ymin,ymax,zya,zyc,zdy,zparay)
call grid(kmax,zmin,zmax,zza,zzc,zdz,zparaz)
C======================================================================
C Set up parameters from the problem
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C damb - amb. medium: gas density (g cm**-3)
C tamb - amb. medium: gas temperature (K)
C vamb - amb. medium: velocity (in galaxy rest frame) (cm s**-1)
C pamb - amb. medium: gas pressure (g cm**-1 s**-2)
C camb - amb. medium: sound velocity (cm s**-1)
C
damb = avgmass * 7.788e-3
tamb = 2.0e7
pamb = boltzman * damb * tamb / avgmass
camb = sqrt((5.0*boltzman*tamb)/(3.0*avgmass))
vamb = 15.0 * camb
C=======================================================================
C Log parameters of problem in history file
write (8,*)
write (8,*) ’Intergalactic Bow Shock’
write (8,*)
write (8,*) ’Gamma (Adiabatic Index) = ’,gam
write (8,*) ’Mach number = ’,vamb/
& sqrt(gam*pamb/damb)
write (8,*) ’M. density (g cm**-3) = ’,damb
write (8,*) ’M. temperature (K) = ’,tamb
write (8,*) ’M. pressure (g cm**-1 s**-2) = ’,pamb
write (8,*) ’M. velocity (cm s**-1) = ’,vamb
write (8,*) ’Outer x location (cm) = ’,xmax
write (8,*) ’Inner x location (cm) = ’,xmin
write (8,*) ’Outer y location (cm) = ’,ymax
write (8,*) ’Inner y location (cm) = ’,ymin
write (8,*) ’Outer z location (cm) = ’,zmax
write (8,*) ’Inner z location (cm) = ’,zmin
C========================================================================
C initialize grid:
C ea : semimajor axis of the ellipse (in cells)
C eb : semiminor axis of the ellipse (in cells)
C (ibody0,jbody0) : cell-location of the ellipse center
C edge : cell-location of the ellipse edge
ea = 534
eb = 220
ibody0 = 0.5 * imax
jbody0 = 0.5 * jmax
ea1 = ea
ea2 = nint(0.6667*real(ea))
ea3 = nint(0.3333*real(ea))
eb1 = eb
eb2 = nint(0.6667*real(eb))
eb3 = nint(0.3333*real(eb))
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C fill total grid with ambient values
do k=1,kmax
do j=1,jmax
do i=1,imax
zro(i,j,k)=damb
zpr(i,j,k)=pamb
zux(i,j,k)=vamb
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
C easy galaxy model (stratified gaseous ellipse)
C--------------------------------------------------------------
C initialize "Reynolds Layer"
do i=ibody0-ea1,ibody0+ea1
edge1=real(jbody0)+real(eb1)/real(ea1)*
& sqrt(real(ea1)**2-(real(i)-real(ibody0))**2)
do j=jbody0,nint(edge1)
do k=1,kmax
zro(i,j,k)=0.067*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 8000./avgmass
zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
do i=ibody0-ea1,ibody0+ea1
edge2=real(jbody0)-real(eb1)/real(ea1)*
& sqrt(real(ea1)**2-(real(i)-real(ibody0))**2)
do j=nint(edge2),jbody0
do k=1,kmax
zro(i,j,k)=0.067*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 8000./avgmass
zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
C initialize "Lockman Layer"
do i=ibody0-ea2,ibody0+ea2
edge1=real(jbody0)+real(eb2)/real(ea2)*
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& sqrt(real(ea2)**2-(real(i)-real(ibody0))**2)
do j=jbody0,nint(edge1)
do k=1,kmax
zro(i,j,k)=0.1*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 6000./avgmass
zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
do i=ibody0-ea2,ibody0+ea2
edge2=real(jbody0)-real(eb2)/real(ea2)*
& sqrt(real(ea2)**2-(real(i)-real(ibody0))**2)
do j=nint(edge2),jbody0
do k=1,kmax
zro(i,j,k)=0.1*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 6000./avgmass
zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
C initialize HI Core
do i=ibody0-ea3,ibody0+ea3
edge1=real(jbody0)+real(eb3)/real(ea3)*
& sqrt(real(ea3)**2-(real(i)-real(ibody0))**2)
do j=jbody0,nint(edge1)
do k=1,kmax
zro(i,j,k)=6.0*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 100./avgmass
zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
do i=ibody0-ea3,ibody0+ea3
edge2=real(jbody0)-real(eb3)/real(ea3)*
& sqrt(real(ea3)**2-(real(i)-real(ibody0))**2)
do j=nint(edge2),jbody0
do k=1,kmax
zro(i,j,k)=6.0*avgmass
zpr(i,j,k)=boltzman*zro(i,j,k)*
& 100./avgmass
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zux(i,j,k)=0.
zuy(i,j,k)=0.
zuz(i,j,k)=0.
enddo
enddo
enddo
C set value of cmin & cmax for normalizing density in movie images
cmax = log10(damb)+5.
cmin = log10(damb)-5.
C########################################################################
C Compute Courant-limited timestep
ridt = 0.
j = 1
k = 1
if(ndim .eq. 1) then
do i = 1, imax
svel = sqrt(gam*zpr(i,j,k)/zro(i,j,k))/zdx(i)
xvel = abs(zux(i,j,k)) / zdx(i)
ridt = max(xvel,svel,ridt)
enddo
else if(ndim .eq. 2) then
do j = 1, jmax
do i = 1, imax
widthy = zdy(j)
if(ngeomy.gt.2) widthy = widthy*(zxa(i)+0.5*zdx(i))
width = min(zdx(i),widthy)
svel = sqrt(gam*zpr(i,j,k)/zro(i,j,k))/width
xvel = abs(zux(i,j,k)) / zdx(i)
yvel = abs(zuy(i,j,k)) / widthy
ridt = max(xvel,yvel,svel,ridt)
enddo
enddo
else if(ndim .eq. 3) then
do k = 1, kmax
do j = 1, jmax
do i = 1, imax
widthy = zdy(j)
widthz = zdz(k)
if(ngeomy.gt.2) widthy = widthy*(zxa(i)+0.5*zdx(i))
if(ngeomz.gt.2) widthz = widthz*(zxa(i)+0.5*zdx(i))
if(ngeomz.eq.5) widthz = widthz*sin(zya(j)+.5*zdy(j))
width = min(zdx(i),widthy,widthz)
svel = sqrt(gam*zpr(i,j,k)/zro(i,j,k))/width
xvel = abs(zux(i,j,k)) / zdx(i)
yvel = abs(zuy(i,j,k)) / widthy
zvel = abs(zuz(i,j,k)) / widthz
ridt = max(xvel,yvel,zvel,svel,ridt)
enddo
enddo
enddo
endif
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dt = courant / ridt
return
end
A.3.2 prin.f
subroutine prin(prefix)
C
C Outputs ascii array if ndim = 1, outputs vtk array if ndim = 2,
C else if ndim=3 then write out SDS data file containing all
C variables (plus time).
C
C SHOCK TRACER implemented jan08 Schulreich
C vtk-file format introduced jan08 Schulreich
C==============================================================
include ’global.h’
include ’sweep.h’
include ’zone.h’
character*1 char, coord
character*4 tmp
character*5 prefix
character*14 filename
integer dssdims, dssdist, dssdisc, dssdast
integer dsadata, dspdata, isdn, rank, shape(3)
integer icmax,choice,suche
real zromax
real entropy0,entropy1
character*8 datalabel, dataunit, datafmt, dimlabels(3)
character*8 dimunits(3), dimfmts(3)
C
C------------------------------------------------------------------------------
C
C Create filename from integer nfile (in global.h) and prefix such that filename
C looks like prefx.1000 where 1000 is the value of nfile
C
write(tmp,910) nfile
910 format(i4)
do 920 i = 1, 4
if ((tmp(i:i)) .eq. ’ ’) then
tmp(i:i) = ’0’
endif
920 continue
write(filename,930) prefix,tmp
930 format(a5,’_’,a4,’.vtk’)
nfile = nfile + 1
c
C coordinate geometry
if(ngeomy.lt.3) then
coord = ’c’
else
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coord = ’s’
endif
C
c Size of dimensions
shape(1) = imax
shape(2) = jmax
shape(3) = kmax
c
c Set parameters for dimension arrays
dimlabels(1) = ’X’
dimlabels(2) = ’Y’
dimlabels(3) = ’Z’
dimunits(1) = ’cm’
dimunits(2) = ’cm’
dimunits(3) = ’cm’
dimfmts(1) = ’E12.5’
dimfmts(2) = ’E12.5’
dimfmts(3) = ’E12.5’
C
j = 1
k = 1
if (ndim .eq. 1) then
C Keep 1D output simple, just write out in ascii...
open(unit=3,file=filename,form=’formatted’)
do i = 1, imax
write(3, 1003) zxa(i), zro(i,j,k),zpr(i,j,k), zux(i,j,k)
enddo
close(3)
else
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
C changed 2D (& 3D) HDF output to vtk-format
C
if(ndim.eq.2) then
C ==============
C write color map vtk-file for density, pressure, temperature, and velocity
open(unit=3,file=filename,form=’formatted’)
k=1
write(3,*)’# vtk DataFile Version 3.0’
write(3,*)’Gaell’
write(3,*)’ASCII’
write(3,*)’DATASET STRUCTURED_POINTS’
write(3,*)’DIMENSIONS 2400 1200 1’
write(3,*)’ORIGIN 0.00000E+00 0.00000E+00 0.00000E+00’
write(3,*)’SPACING 0.20000E-02 0.20000E-02 0.20000E-02’
write(3,*)’POINT_DATA 2880000’
write(3,*)’SCALARS rho float 1’
write(3,*)’LOOKUP_TABLE default’
do j = 1, jmax
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do i = 1, imax
write(3,1003) LOG10(zro(i,j,k))
enddo
enddo
write(3,*)’SCALARS p float 1’
write(3,*)’LOOKUP_TABLE default’
do j = 1, jmax
do i = 1, imax
write(3,1003) LOG10(zpr(i,j,k))
enddo
enddo
write(3,*)’SCALARS T float 1’
write(3,*)’LOOKUP_TABLE default’
do j = 1, jmax
do i = 1, imax
write(3,1003) LOG10(zpr(i,j,k)
& *avgmass/(boltzman*zro(i,j,k)))
enddo
enddo
write(3,*) ’VECTORS vel float’
C++++++++++++++++++
do j = 1, jmax
do i = 1, imax
write(3,1003) zux(i,j,k), zuy(i,j,k), zuz(i,j,k)
enddo
enddo
C++++++++++++++++++++
close(3)
C
C----------------------------------------------------------
C fluid property slice output (ascii-format)
C slice.dat = scans along axis of symmetry
C slice2.dat = scans through turbulent wake
C----------------------------------------------------------
C
open(unit=26,file=’slice.dat’,form=’formatted’,
&access=’append’)
k=1
j=600
do i=1,imax
write(26,1003) zxa(i),LOG10(zro(i,j,k))
&,LOG10(zpr(i,j,k))
&,LOG10(zpr(i,j,k)*avgmass/(boltzman*zro(i,j,k)))
&,zux(i,j,k)
enddo
write(26,*) ’***************************’
close(26)
open(unit=30,file=’slice2.dat’,form=’formatted’,
&access=’append’)
k=1
i=3*imax/4
do j=1,jmax
write(30,1003) zya(j),LOG10(zro(i,j,k))
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&,LOG10(zpr(i,j,k))
&,LOG10(zpr(i,j,k)*avgmass/(boltzman*zro(i,j,k)))
&,zux(i,j,k)
enddo
write(30,*) ’***************************’
close(30)
C
C-------------------------------------------------------------
C shock tracer (searches for entropy jump)
C-------------------------------------------------------------
C
open(unit=27,file=’tracer.dat’,form=’formatted’,
&access=’append’)
k=1
j=1
i=1
100 if(j.le.jmax) then
101 if(i.le.imax) then
entropy0=LOG(zpr(i,j,k)/(zro(i,j,k)**gam))
entropy1=LOG(zpr(i+10,j,k)/(zro(i+10,j,k)**gam))
if(abs(entropy1-entropy0)
& /abs(entropy0).gt.0.05) then
write(27,1003) zxa(i+10),zya(j)
&,LOG10(zro(i+10,j,k)),LOG10(zpr(i+10,j,k))
&,LOG10(zpr(i+10,j,k)*avgmass/
&(boltzman*zro(i+10,j,k)))
j=j+1
i=1
goto 100
endif
i=i+1
goto 101
endif
j=j+1
i=1
goto 100
endif
write(27,*) ’*****************************’
close(27)
endif
else
C+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
c Treat higher D cases by writing an SDS file
if(ndim.eq.3) then
c Load density in first HDF data file, including X and Y scales
datalabel = ’Density’
dataunit = ’g*cm^-3’
datafmt = ’1pe11.3’
isdn = dssdims(ndim, shape)
isdn = dssdast(datalabel, dataunit, datafmt, coord )
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isdn = dssdist(1, dimlabels(1), dimunits(1), dimfmts(1))
isdn = dssdist(2, dimlabels(2), dimunits(2), dimfmts(2))
isdn = dssdisc(1, shape(1), zxa)
isdn = dssdisc(2, shape(2), zya)
if(ndim.eq.3) then
isdn = dssdist(3, dimlabels(3), dimunits(3), dimfmts(3))
isdn = dssdisc(3, shape(3), zza)
endif
isdn = dspdata(filename, ndim, shape, zro)
c Load pressure in second HDF data file
datalabel = ’Pressure’
dataunit = ’g/cm/s^2’
isdn = dssdast(datalabel, dataunit, datafmt, coord )
isdn = dsadata(filename, ndim, shape, zpr)
c Load X velocity in fourth HDF data file
datalabel = ’Xvelocty’
dataunit = ’cm *s^-1’
isdn = dssdast(datalabel, dataunit, datafmt, coord )
isdn = dsadata(filename, ndim, shape, zux)
c Load Y velocity in third HDF data file
datalabel = ’Yvelocty’
dataunit = ’cm *s^-1’
isdn = dssdast(datalabel, dataunit, datafmt, coord )
isdn = dsadata(filename, ndim, shape, zuy)
c Load X velocity in fourth HDF data file
datalabel = ’Zvelocty’
dataunit = ’cm *s^-1’
isdn = dssdast(datalabel, dataunit, datafmt, coord )
isdn = dsadata(filename, ndim, shape, zuz)
c Load time slice as a fifth data file of dimension (1)
datalabel = ’time slice’
dataunit = ’second’
isdn = dssdims(1, 1)
isdn = dssdast(datalabel, dataunit, datafmt, coord)
isdn = dsadata(filename, 1, 1, time)
endif
C
write(8,6000) filename, time, ncycle
C
6000 format(’Wrote ’,a10,’ to disk at time =’,1pe12.5,’ (ncycle =’,
& i6,’)’)
1003 format(5e13.5)
C
return
end
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A.3.3 radiate.f
subroutine radiate
C
C calculates the energy loss in the zone due to radiative cooling
C-----------------------------------------------------------------------
C Schulreich 2008 (algorithm by Ian R. Stevens)
C-----------------------------------------------------------------------
C
include ’global.h’
include ’zone.h’
include ’sweepsize.h’
C
integer i, j, n
real tmpold(maxsweep), tmpnew(maxsweep), tbase(maxsweep)
& ,scrch(maxsweep), dtemp(maxsweep), dis(maxsweep)
& ,drhox(maxsweep), drhoy(maxsweep), anrm(maxsweep)
& ,dei(ii,jj), elimit(maxsweep), qloss(maxsweep)
& ,psi(maxsweep), radns(maxsweep)
& ,ff(maxsweep), fl(maxsweep), tmpf(maxsweep)
& ,tmpl(maxsweep), dtmp(maxsweep)
real const1, const2, hdt, swap, Tmin, Tmax
C
C------------------------------------------------------------------------
const2 = 1.0*gamm/avgmass
const1 = avgmass/boltzman
Tmax = 4.0e8
Tmin = 1.0e4
C
k = 1
do 10 j = 1, jmax
do 10 i = 1, imax
C
C If the wind temp is less than Tmin , just set it to Tmin
C otherwise use the secant method to implicitly calculate
C the cooling rate.
C
tmpold(i) = const1 * zpr(i,j,k) / zro(i,j,k)
C
if(tmpold(i).le.Tmin) then
C tmpold(i) = max(tmpold(i),Tmin)
dei(i,j) = 0.0
else
tmpold(i) = min(tmpold(i),Tmax)
anrm (i) = const2 * zro(i,j,k) * dt / boltzman
C
C First guess at heating/cooling rate, then iterate using
C Secant Method from Numerical Recipes
C
tmpl(i) = tmpold(i)
tlog = log10(tmpl(i))
C John Blondin’s solar abundance cooling curve
qloss(i) = -anrm(i) *
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& (1.-(Tmin/tmpl(i))**2) *
& ( 10.**(-21.20-3.8*(tlog-5.15)**2)
& +10.**(-21.85-2.5*(tlog-6.10)**2)
& +3.6e-27*sqrt(tmpl(i)) )
fl (i) = -qloss(i)
tmpf(i) = tmpl(i)+qloss(i)
tmpf(i) = max(tmpf(i),Tmin)
tmpf(i) = min(tmpf(i),Tmax)
tlog = log10(tmpf(i))
C John Blondin’s solar abundance cooling curve
qloss(i) = -anrm(i) *
& (1.-(Tmin/tmpf(i))**2) *
& ( 10.**(-21.20-3.8*(tlog-5.15)**2)
& +10.**(-21.85-2.5*(tlog-6.10)**2)
& +3.6e-27*sqrt(tmpf(i)) )
ff (i) = tmpf(i) - tmpold(i) - qloss(i)
C
if(abs(fl(i)).lt.abs(ff(i))) then
swap = tmpl(i)
tmpl(i) = tmpf(i)
tmpf(i) = swap
swap = fl(i)
fl(i) = ff(i)
ff(i) = swap
endif
C
do 50 neloss = 1, 7
df = ff(i) - fl(i)
if(df.eq.0.) df = small
dtmp(i) = (tmpl(i)-tmpf(i))**ff(i)/df
tmpl(i) = tmpf(i)
fl (i) = ff(i)
tmpf(i) = tmpf(i) + dtmp(i)
tmpf(i) = max(tmpf(i),Tmin)
tmpf(i) = min(tmpf(i),Tmax)
tlog = log10(tmpf(i))
C John Blondin’s solar abundance cooling curve
qloss(i) = -anrm(i) *
& (1.-(Tmin/tmpf(i))**2) *
& ( 10.**(-21.20-3.8*(tlog-5.15)**2)
& +10.**(-21.85-2.5*(tlog-6.10)**2)
& +3.6e-27*sqrt(tmpf(i)) )
ff (i) = tmpf(i) - tmpold(i) - qloss(i)
50 continue
C
C Store change in energy, dei = delta(temp) * density
C
tmpnew(i) = max(Tmin,tmpold(i) + qloss(i))
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tmpnew(i) = min(tmpnew(i),Tmax)
dei(i,j) = (tmpold(i) - tmpnew(i))*zro(i,j,k)
endif
C
10 continue
C
C The following code is needed to restrict the cooling rate at unresolved
C interfaces between hot diffuse and cold dense gas, as it is found
C in radiative shocks
C Replace deltaE with minimum of neighboring deltaEs at cloud interface
C and subtract dT from the temperature given by the hydro
C
do 100 j = 1, jmax
C
C Locate cloud interfaces => dis = 1, otherwise, dis = -1
C
jtp = min(j+1,jmax)
jbt = max(j-1,1)
do 110 i = 1+1, imax-1
scrch(i) = min(zro(i+1,j,k),zro(i-1,j,k))
drhox(i) = zro(i+1,j,k) - zro(i-1,j,k)
drhox(i) = sign(drhox(i),(zpr(i-1,j,k)/zro(i-1,j,k)
& -zpr(i+1,j,k)/zro(i+1,j,k)))/scrch(i)-2
scrch(i) = min(zro(i,jtp,k),zro(i,jbt,k))
drhoy(i) = zro(i,jtp,k) - zro(i,jbt,k)
drhoy(i) = sign(drhoy(i),(zpr(i,jbt,k)/zro(i,jbt,k)
& -zpr(i,jtp,k)/zro(i,jtp,k)))/scrch(i)-2
dis (i) = max(drhox(i),drhoy(i))
110 continue
dis(1) = -1.
dis(imax) = -1.
do 120 i = 1, imax
itp = min(i+1,imax)
ibt = max(i-1,1)
scrch (i) = min(dei(ibt,j),dei(itp,j),
& dei(i,jtp),dei(i,jbt))
if(dis(i).gt.0.) dei(i,j) = scrch(i)
tmpold(i) = const1 * zpr(i,j,k) / zro(i,j,k)
dtemp (i) = dei(i,j)/zro(i,j,k)
tmpnew(i) = max((tmpold(i)-dtemp(i)),1.0e2)
tmpnew(i) = min(tmpnew(i),Tmax)
zpr(i,j,k) = tmpnew(i) * zro(i,j,k) / const1
120 continue
100 continue
return
end
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A.4 Governing equations for plane flow in curved
manifolds
In the following, a semicolon shall denote a covariant derivative whereas the
(normal) partial derivative is indicated by a comma. The boundary layer-type
coordinate system introduced in § 6.1 is characterized by the line element
ds2 = gαβdx
αdxβ = H2dx2 + dy2 = (1− κˆy)2dx2 + dy2 .
Then the covariant and contravariant metric tensors obviously are
(gαβ) =
(H2 0
0 1
)
(gαβ) =
(
1
H2 0
0 1
)
. (A.19)
Since the Christoffel symbols of second kind are defined by (see e.g. Schutz 1985)
Γγαβ =
gγδ
2
(gαδ,β + gβδ,α − gαβ,δ) , (A.20)
they take for the considered curved manifold the form
(Γxαβ) =
( 1
H
∂H
∂x
1
H
∂H
∂y
1
H
∂H
∂y
0
)
(Γyαβ) =
(−H∂H
∂y
0
0 0
)
. (A.21)
Under the assumption of constant curvature κˆ we get for the conservation of mass
in index notation
~∇ · (ρ~u) = (ρUµ);µ = (ρUµ),µ + Γµµν(ρU ν) = 0 , (A.22)
or some more extended
(ρUx),x + (ρU
y),y + (Γ
x
xx + Γ
y
yx)(ρU
x) + (Γxxy + Γ
y
yy)(ρU
y) = 0
∂ρUx
∂x
+
∂ρUy
∂y
+
1
H
∂H
∂x
ρUx +
1
H
∂H
∂y
ρUy = 0
∂
∂x
( ρ
HU
x˜
)
+
∂
∂y
(
ρU y˜
)
+
1
H2
∂H
∂x
ρU x˜ +
1
H
∂H
∂y
ρU y˜ = 0
1
H
∂
∂x
(
ρU x˜
)
+
∂
∂y
(
ρU y˜
)
+
1
H
∂H
∂y
ρU y˜ = 0
∂ρu
∂x
+
∂
∂y
(Hρv) = 0
The ‘tilde’ above an index denotes an orthonormal base. Furthermore we have
set U x˜ = u and U y˜ = v in the last step. The Euler equation becomes
UµUν;µ = −
1
ρ
P,ξg
νξ (A.23)
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The component of the velocity in x-direction then is
UµUx;µ = −
1
ρ
P,ξg
xξ
Ux(Ux,x + Γ
x
xxU
x + ΓxxyU
y) + Uy(Ux,y + Γ
x
yxU
x + ΓxyyU
y) = −1
ρ
(P,xg
xx + P,yg
xy)
Ux
∂Ux
∂x
+
1
H
∂H
∂x
UxUx +
1
H
∂H
∂y
UxUy + Uy
∂Ux
∂y
+
1
H
∂H
∂y
UxUy = −1
ρ
∂P
∂x
1
H2
1
HU
x˜ ∂
∂x
(
1
HU
x˜
)
+
1
H
∂H
∂y
1
HU
x˜U y˜ + U y˜
∂
∂y
(
1
HU
x˜
)
+
1
H
∂H
∂y
1
HU
x˜U y˜ = −1
ρ
∂P
∂x
1
H2
U x˜
∂U x˜
∂x
+HU y˜ ∂U
x˜
∂y
− κˆU x˜U y˜ + 1
ρ
∂P
∂x
= 0
u
∂u
∂x
+Hv∂u
∂y
− κˆuv + 1
ρ
∂P
∂x
= 0 ,
and the component in the y-direction is
UµUy;µ = −
1
ρ
P,ξg
yξ
Ux(Uy,x + Γ
y
xxU
x + ΓyxyU
y) + Uy(Uy,y + Γ
y
yxU
x + ΓyyyU
y) = −1
ρ
(P,xg
yx + P,yg
yy)
Ux
∂Uy
∂x
−H∂H
∂y
UxUx + Uy
∂Uy
∂y
= −1
ρ
∂P
∂y
1
HU
x˜∂U
y˜
∂x
−H∂H
∂y
1
H2U
x˜U x˜ + U y˜
∂U y˜
∂y
= −1
ρ
∂P
∂y
U x˜
∂U y˜
∂x
+ κˆU x˜U x˜ +HU y˜ ∂U
y˜
∂y
+
H
ρ
∂P
∂y
= 0
u
∂v
∂x
+ κˆu2 +Hv∂v
∂y
+
H
ρ
∂P
∂y
= 0 .
Finally, the entropy equation reads
UµS,µ = 0 , (A.24)
which can be written as
UxS,x + U
yS,y = 0
Ux
∂S
∂x
+ Uy
∂S
∂y
= 0
1
HU
x˜∂S
∂x
+ U y˜
∂S
∂y
= 0
u
∂S
∂x
+Hv∂S
∂y
= 0 .
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C Mathematical Symbols
a ... semimajor axis
b ... semiminor axis
c ... velocity of light (in § 2 only)
velocity of sound
c∗ ... critical velocity of sound
ds ... line element
E ... total fluid energy
e ... elementary charge
~F ... heat conduction flux
gff ... Gaunt factor
gij ... metric tensor
H ... Hugoniot function (in § 2 only)
metric coefficient
h ... Planck’s constant (in § 2 only)
(specific) enthalpy
Iν ... surface brightness
j ... mass flux density
cell averaged value (as subscript)
0 or 1 for plane or axisymmetric flow (as superscript)
K ... equation of state constant
k ... wave number
kB ... Boltzmann constant
L ... characteristic length
LX ... X-ray luminosity
M ... Mach number
m ... mass
me ... electron mass
mp ... proton mass
ne ... number density
ne ... electron number density
ni ... ion number density
O ... Landau symbol
P ... pressure
P¯ ... time averaged pressure
Pram ... ram-pressure
δP ... pressure disturbance
R ... universal gas constant
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r ... boundary layer-type coordinate
Re ... Reynolds number
S ... entropy
T ... (absolute) temperature
t ... time step
∆t ... velocity disturbance
~u, ~U ... velocity
u ... velocity component in x-direction
u¯ ... time averaged velocity
V ... specific volume
v ... velocity component in y-direction
horizontal fluid velocity (in § A.2 only)
δ~v ... velocity disturbance
~W ... characteristics velocity vector
~x ... position vector
x ... distance along the shock
coordinate measured along the contact surface (in § A.2 only)
y ... distance normal (inward) to the shock
Z ... atomic number
z ... redshift (in § 2 only)
boundary layer-type coordinate
coordinate measured along the contact surface (in § A.2 only)
α ... Mach angle
β ... (bow) shock inclination angle
Γkij ... Christoffel symbol of second kind
γ ... adiabatic index, ratio of specific heats cP/cV
∆ ... stagnation distance
∆0 ... stand-off or detachment distance
δij ... unity tensor
εffν ... bremsstrahlung emissivity
 ... specific internal energy
θ ... flow deflection angle
θmax ... maximum flow deflection angle
κ ... curvature
Λ ... cooling function
µ ... mean molecular weight
ν ... frequency
viscosity
ξ ... displacement in z-direction of the points on the contact surface
ρ ... mass density
ρ¯ ... cosmic mean matter density
ρc ... critical density
σij ... viscous stress tensor
σT ... Thomson scattering coefficient
σv ... velocity dispersion
τcool ... cooling time scale
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τsc ... sound-crossing time scale
Φ ... gravitational potential
χ ... inverse compression ratio, ρ1/ρ2
Ψ ... dimensionless stream function
ψ ... stream function
Ωm ... matter density parameter
ω ... angular frequency
ωb ... angle made by the sonic line at the body
Common sub- and superscripts
1, 2 ... upstream, downstream value
|| ... tangential component
⊥ ... normal component
∞ ... freestream value
ˆ ... value in the point N
∗ ... value in the point S
+ ... upper fluid layer variable
− ... lower fluid layer variable
˜ ... orthonormal base
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D Acronyms
2dFGRS 2-degree-Field Galaxy Redshift Survey
AGN Active Galactic Nucleus
CDM Cold Dark Matter
CIE Collisional Ionization Equilibrium
CMB Cosmic Microwave Background
COBE Cosmic Background Explorer
IGM Intra-Group Medium
ICM Intra-Cluster Medium
ISM Interstellar Medium
KHI Kelvin-Helmholtz instability
PPM Piecewise-Parabolic Method
RPS Ram-Pressure Stripping
RTI Rayleigh-Taylor instability
SDSS Sloan Digital Sky Survey
SQ Stephan’s Quintet
SZE Sunyaev-Zeldovich Effect
SN Supernova
WIMP Weakly Interacting Massive Particle
VH-1 Virginia Hydrodynamics-1
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